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ABSTRACT
This report describes the revisions which have been’n1ade to
an existing FORTRAN IV computer prograrn1 in order to account for
the rotational effects which are present downstream of a curved shock
in a flow field which is originally irrotational. The revised program
utilizes the axially symmetric method of characteristics for adiabatic,
steady, nonviscous, rotational, supersonic, compressible flow. All

of the capabilities of the original program have been preserved.
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INTRODUCTION

An IBM 7040 FORTRAN 1V computer program which utilizes the
axially symmetric method of characteristics for adiabatic, steady, non-
viscous, rotational, compressible flow has been developed by the Fluid
Mechanics Laboratory of Brown Engineering Company to analyze
axially symmetric de Laval nozzlesj The program was déveloped by
revising an existing program1 for ir‘rotational flow. The revised pro-

gram includes all of the capabilities of the original program.

This report describes the revisions and additions which have
been made to the original program. A sample problem is presented

with results for both irrotational and rotational flow.

A complete program listing is presented in Appendix B.



REVISION OF GOVERNING EQUATIONS

Discussion

The original program was written for steady, irrotational,
frictionless, isentropic flow. For these conditions a single differential
was derived and solutions were found. Downstream of a shock in the
flow field the entropy varies from streamline to streamline and the
isentropic equation used in the original analysis is not valid. The

revised program accounts for this variation of entropy.

Derivation

The characteristic equations will be derived for a steady,
axially symmetric, adiabatic, nonviscous, supersonic, rotational flow
in which the stagnation enthalpy is the same for all points and in which
the entropy is constant along a streamline before and after the shock,
while there is a discontinuous increase in entropy on each streamline
in crossing the shock. Such a flow field must satisfy the following

equations,

The continuity equation for axially symmetric flow is

%Y+p%+p%+v—g—g—+u%=0 . (1)
Euler's equations are
u%1v%+%g§:o (2a)
and
u%+vg+%§§ -0 . (2h)




Now dp must equal, by the definition of an exact differential,

dp = %E ds + ~a—p dp . (3a)
5o s
For a perfect gas,
ds _dp ,dp (3b)
v P P

=2
p ©

<

We also know from the definition of the velocity of sound in a perfect

gas that

kp 2

=C .

dp
dp

s P

Therefore, Equation 3a may be written as

dp = (P%i) d (—C—s;)+czdp .
Also,
a(Z
2o() ) %
and

[o3] fo5)
S
1



Equations 2a and 2b may now be rewritten

Ju du : 9 <—(%)

c ¢t dp
u aX + v 5; + —1—(— '—"_ax + ‘E‘ &‘ =0 (4d)
v NS Vo e 9
U= + v F + " 57 t S o T o . (4b)

By definition of an exact differential,

5 0
ds = —a—s— dx + s dr
ox| . ar 1
From the definition of a streamline,
dr v
dx u

and along a streamline, ds = 0 (except through a shock wave). Therefore,

u(—?—%)n“v %):0 . (5)

The other four equations required to solve for the eight unknowns

0s ds Ov __a_z ?_l_l_ &1. _aﬁ, d op
or’ ox o= or ox or ox " %r
are given by

-SX, dx+%‘—, dr = dv (6)
X 'r T %
dp dp _
E rdX+E Xdr = dp (7)
% dx+%li dr = du (8)
x 1 rol




and

Os

ox

dx+-5; dr =ds . (9)

r X
We now have eight quantities connected by eight linear, nonhomogeneous,
independent equations., These equations are numbers 1, 4a, 4b, 5, 6, 7,
8, and 9. The solution may be written symbolicallyin terms of the matrix

of the equations.

2 (_S) 5 5.
u | 0u | ov | v | % | O v v
0x or ox or ox or ox or ]
p 0 0 P u v 0 0 - p?‘-’
0 0 0 0 0 0 u v 0
2 2
u v 0 0 < 0 < 0 0
p k
CZ C2
0 0 u v 0 —p— 0 *-k— 0
dx dr 0 0 0 0 0 0 du
0 0 dx dr 0 0 0 0 dv
0 0 0 0 dx dr 0 0 dp
0 0 0 0 0 0 dx ar a (i)
Cy

The characteristics curves are defined as those curves on which
the derivatives of the velocity components and all fluid properties are
discontinuous or indeterminate. By selecting any quantity and setting

the numerator and denominator of the determinate solution equal to zero,



we can get the complete set of characteristics. After simplification, the

resulting equations become

udr - vdx =0 (10)
c?(dx?+ dr?) - (udr - vdx)? =0 (11)
ds =0 (12)
udu+vdv+c3§pﬁ:o (13)

d(.__s__)

2 dp CV

(udr - vdx) (udv - vdu)+ c —f—)—-l——k- (udx + v dr)
(14)
+ (udr - v dx)? -} =0

Equations 10 and 12 are equations of the streamlines and Equation 13 is
Euler's equation for changes in state along a streamline. If Equation 11

d
is solved for é , the results are

1
2 2 B
v (u tvt o 1)
2 2
c
E = ¢ (153_)
dx R, L u’
1 - C_‘
This result may be simplified by using polar coordinates and letting
. 1 .
v=Vsind, u=Vcos 6, and M = —; , yielding
sin a
d —
= = tan (0 ¥ a) (15D)
dx ;K, L




where the minus sigi: is associated with the right running characteristics
and the plus sign with the left running characteristics. This equation is
the differential equation of the physical characteristics and is identical to
the equation which was found for irrotational flow. The physical charac-
teristics are inclined at the Mach angle to the velocity vector and are

identical with the Mach lines of the flow.

Equation 15b may be substituted into Equation 14 yielding

d(i)
_— 2 dp CV' —
[utan(6+a)-v](udv-vdu)tc -—p—+ — [utvtan(6 +a)]

+ [u tan (6 + a) - v} v dr =0

r tan (0 ¥ a)

The resulting equation may be simplified by the use of polar coordinates

to give
de d d(cs) 2] d
e v sin T ’
tre— 4+ — + + — =
sin a cos « P k cosasin(6xa) T o . (16)

Since we are dealing with the adiabatic case,

A _

or
VdV+(2 )cdc—o
k-1 *
Also,
1
TdschdTerd(;)
and
ds _ , dc _(k_l)_‘i‘.’_
CV C p




Combining these relations,

() a(2) e

C

Substitution of Equation 17 into 16 and rearranging yields

sin O sin a (dr)R, L

cot « -
de + (av) +
( )R’L R, L sin (8 Fa) r
(18)
sin o cos «
= e ()R, L= 0

Comparison of this equation with the equation for irrotational flow shows

that the rotational effects are included in the last term of the above equation.

Equations 15b and 18 may be written in finite difference form and
‘may be solved simultaneously to construct the physical and hodograph

characteristic nets for a particular problem with given boundary conditions.




—— ————

REVISION OF SUBROUTINES

Discussion

The addition of the last term of Equation 18 has made necessary
the revision of several subroutines. Corresponding changes were made

in the main routine.

Subroutine SAUER. Statements were added to this subroutine to

create an entropy field on the starting line. Since the flow is irrotational
in the region of the starting line (this assumption was made in Sauer's
analysis), the entropy field may be assigned a constant value. A value

of 1.0 BTU/Ib-°R was chosen and incorporated in the SAUER subroutine.

Subroutine CASE 1. Numerous changes were made to this sub-

routine as a result of the addition of the last term to Equation 18. As
can be seen from Equation 18, the numerical values of the Mach number
and flow angle at the new field point located by CASE 1 are now dependent
upon the entropy change between the two known field points and the new
field point. In order to be able to satisfy Equation 18, a set of equations
to calculate the entropy at the view point has been included. The method

presented in Reference 2 has been used.

In the adiabatic case which is being considered, the entropy
remains constant on each streamline, but may be differed on different

streamlines. Thus, we may write

dSIR,L: (-((ii_rsl> (dn)R’L (19)

where, as can be seen from Figure 1, n is the normal distance from the
known field point under consideration to the streamline passing through

the new field point.



Figure 1

From Figure 1 it can be seen that

sin o
dnlg = Sm(er @ (4R

and .
_ sina
dnly = 5 (6 - a) (dr)y,

From the geometry of Figure 1 it can also be shown that

dS~ S - 8

sin o

dn sin a;
cos (6; - aj)

(3 - x2) coapaay * (x5 - X))

Substituting Equations 20a, 20b, and 21 into Equation 19 yields

x ¥

( (s1-s2) (dr)R, L sin «a
dS|R’ L = |:

sin «; sin a1
t (x3 - x))

(x3 - x,)

cos (6; +a3) cos (0 - a1)

10

sin (8 ¥ «)

(20a)

(20b)

(21)

j

(22)




Equation 22 can now be used along with the revised finite-difference
form of Equation 18 to solve the hodograph net in the same manner as
for irrotational flow. A complete list of equations for CASE 1 is given

in Appendix A,

Subroutine CASE 2. The revisions made to CASE 2 are almost

identical to those in CASE 1. The single exception is found in the expres-

d . . . . .
sion for — . Since one of the two known field points for this case lies

dn
on the axis of symmetry, 8, = 0, The revised expression for %—Sﬁ is
s1-8
ds - . - : : (23)
dn sin a, sin ay
(x3 - x2) ——— + (%, - x1)
cos a; cos (6; - ay)

A list of those equations from CASE 2 which have been revised, as well

as those which have been added, is given in Appendix A.

Subroutine CASE 3. It was not necessary to calculate the entropy

for the field point located by CASE 3. Since the axis of symmetry is a
streamline, the entropy was assigned the value of the first upstream point
on the axis. As in CASE 1 and CASE 2, the finite-difference forms of
Equation 18 were revised to include the last term. The equations for

CASE 3 are presented in Appendix A,

Subroutine CASE 4, Since the wall of the nozzle is a streamline,

the entropy at the point located on the wall by CASE 4 can be assigned the
value of the first upstream point on the wall. The finite-difference forms
of Equation 18 were also revised for CASE 4. The equations for CASE 4

are presented in Appendix A,

11




Subroutine PROPTY. The original program used Subroutine

PLTN and the thermodynamic table to calculate Mach number, pressure,
and temperature. The values in the thermodynamic table are found from
Subroutine THERMO by using the isentropic equations. It was necessary,
therefore, to revise this subroutine and calculate pressure directly due

to the change in stagnation pressure across the shock.

For a perfect gas,

Po To3

1
s3-51 =R dn—=— +c_4in (24)
PO3 p T01
The case being considered is adiabatic and
To, = T°1
So,
P,
1 :
s3-858)1 =RIn — . (25)
P03

In this equation, Po1 corresponds to the chamber pressure, POC’
and s corresponds to the chosen constant entropy upstream of the shock,

1 BTU/Ib-°R. The new stagnation pressure is

Po
Py, = = (26)
O3 <s3 -1 )
exp R
The pressure at the new field point can then be determined from the
isentropic relation
Po3
P, = (27)

(1 N kil MZ)k-l

12



Subroutine SHOCK 1 and SHOCK. Subroutines to calculate the

change in properties across adiabatic shocks which exist in the flow field
are included in the program. The existence of shocks is determined by
testing characteristics for intersection. The intersection of two charac-
teristics of the same family is taken to be the initial point of an interior
shock. Eastman's adaptation4 of Moe and Troesch's method for calcu-

lation of an interior shock has been used in the program.

After it has been determined that the characteristics of the same
family cross, the point with the larger value of r is chosen to be the
initial shock point and the second point is ignored in further calculations.
Since the shock is initially weak, the initial shock direction is approxi-
mated by the direction of the right running characteristic. The following
procedure is used to calculate succeeding shock points. The points

referred to are shown in Figure 2.

13

Figure 2. Shock Point Calculation Procedure
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Points 1, 2, and 13 are known and have been determined by using
the standard procedures. Point 12 is known and is the shock point upstream

of the point being determined (point 11),

Point 3 is obtained by assuming that no interior shock is present.
The location of this point is necessary in order to calculate point 4. After
point 3 is established, points 14 and 4 are located by assuming a linear
variation of flow properties between 12 and 13 to locate point 14 and
assuming a linear variation of flow properties between 2 and 3 to calculate

point 4.

The location of the desired point, point 11, is then established by
an iteration procedure using the applicable Rankine-Hugoniot equations
and the finite difference form of Equation 18, When the correct solution
has been obtained, the flow direction at point 11 will be the same when
calculated by the finite difference form of Equation 18 and by the Rankine-

Hugoniot equations. The equations used are

cot Ns sin 6 sin «
0;;=0 +< ) M -M"‘)-( X - X
11 14 M (M 14 11 + cos (0-a) . (x 14 4)
(28)
sin o cos «
PR Gas)
11, 14
and
011 = pet O3 (29)
. VuN
where 61 is derived as follows (see Figure 3). tan &;; = ,
11T

and from the Rankine-Hugoniot relations, V ;N = Vse sin (64 - M), and
ViT = Vecos (04 - pyg) . Therefore, tan &1, = € tan (64 - py), and

511 = tan™? [e tan (64 - p4)] .

As suggested by Eastman, three values of the shock angle, p,

were assumed and the values of 6;; were calculated using Equations 28

14




Figure 3

and 29. It was then assumed that 8;; varied parabolically with p;;, and
Oiu=aytbruntcy puz . After using the values obtained from Equa-
tions 28 and 29 to satisfy the coefficients of the above equation for each
set of values, the final value of pj;; was calculated by setting the resulting
equations equal and solving for p;; . A complete set of the equations used
in Subroutine SHOCK I and SHOCK is presented in Appendix A. The
equations were written for irrotational flow and adapted to the original

program by two of the authors of that program, E. H. Ingram and

C. T. K. Young.

15




SAMPLE PROBLEM

A sample problem was run for both rotational and irrotational
flow. The input data was identical for both cases. For the irrotational
case, the subroutines for calculating the change in properties across
shocks were used but no entropy gradient was permitted across the shock.
The only difference between the two cases, therefore, was the consider-
ation of rotational effects downstream of the shock. As can be seen by
comparing the output data presented on following pages, including rota-
tional effects caused a decrease of approximately 0. 528 second in specific
impulse {out of a total of approximately 325 seconds) and a decrease of
approximately 2915 pounds in thrust (out of approximately 1, 795, 100
pounds). These changes indicate a decrease in performance of approxi-

mately 0.16 percent.

The computer output data are presented on following pages. Only
a few sample planes are presented in each case. Since the input data was
the same for both cases, it is only listed with the first case. The rota-

tional case is presented first,
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APPENDIX A

EQUATIONS FOR THE REVISED AND ADDED SUBROUTINES

CASE 1, Calculation of a General Field Point

CASE 1 allows the calculation of properties at a field point n by

use of the known properties of field points r and £ (sce Figure A-1).

The flow properties at the new point n are calculated by the

following relations:

1. Obtain My * and Mr* from the thermodynamic table (My and M, as
inputs)
1
2. ay = sin” ! —
My
3 [0 sin™! L
= n ——
by M,
4 Ay = tan (6p + ag)
5 )\r: tan(er —ar)
cot o
6 Hf = WZ
M,
cot o
7 H, = =
M_*

sin Ol sin ay
8. Bl =

ry sin (6 + ay)

sin 61. sin a,.

9. By =

r,. cos (6. - ay)
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(xg» I‘[) ¢ /-

Figure A-1. Field Point Unit Process
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10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20,

21.

C (poxp - N xg) t Ty - Ty
n -~ )\r‘)\ﬂ

rn=1rg - N (xg - x,)

Obtain ky, ky, W, and W, from the thermodynamic table (M, * and

M.,™ as input)

sin oy COs ay

wf:

o)
— k
<W£ £
sin @, cos ay.
(.\)r = _—
(37) &
W, r
sin a,
e~ Tos (6 + ay)
sin oy
r = Tos (6, - ay)
(xp - x4) sin ay,
DN = cos (6, - ay)
(sy - sy)
DW =
My {xp - xp) + Ny (xp - %)
sy = s, - (DW) (DN)
L Op - 0g t Hp My®+ Hp My™ - By (xp - xp) - By (ry - rp)
Mo = H, + O,

Wy (54 - 8) + wp (sg - sp)

f Hy + Hr

O = O - Hy (Mg™ - M)+ 8y (rg - ry) - wp (sg - s
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22.

23,

24,

25,

26.

27.

28,

29,

30.

31.

32.

33.

34.

35.

Obtain My, from thermodynamic table (M,* as input)

a, = sin”? 1
n M,
Ap = tan (0, +an)

A\p' = tan (6, - ay)

cot
Hy = =
My"
sin 0, sin a,
Bn = r, sin (6, + ap)
sin 0y sin o
Bn' =
n r,cos (8, - o)
Ag + A,
)‘l,n = 2
LN
)‘r,n 2
Hy + Hy
Hl,n = 2
H. + Hy
Hy,n = >
By * By
£, n " 2
Brt By
r,n~< 2>
Ap,nXr - Mg pnXg + 19 -Tp
Xn(i) =

)‘r,n - )‘l,n
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36 rn(i) = rl - )\l’n (Xl - Xn(l))

sin ay
© 37, =
M T ST, ay)

38 \ sin an
- My T Cos (8, - ap)
(ng + nyp)
39. My g =
(ny +n,'")
40. mp =

41, Obtain k, and W, from the thermodynamic table (Mp* as input).

sin a/n cos Qn

42, wy T =
R
(37) *n
(wp + wp)
43, wn,l = _1_2_—_n-—
(wp + wp)
44, onp s

45.  DNp = (xp - X) My 4

(Sr - Sl)

(Xn"xf)nn,_e +(xn-xr)'qn,r

46. DW, =
47.  sy(g) = s, - (DWy) (DNp)

.  8r- 8 v Hp My T4 Hpop M - By (xp - Xn(i)) - Bg,n (g - Tn(i)
48.  My(;)* = e

wn, r (5p - sn(i)) ton, g (sg - Sn(i))

Hl,n"' Hr,n

+
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9. Ong) = 0 - Hy p (Mg - Mp)") 4 By (rg - rqg)) - @n, g (5g - Sui))

50. If either |6 ) - onl < 107 or the number of iterations exceeds 50,

n(i
return to the main program; otherwise, set 6, = 6,(i), Mp* = Mn(i)*’
Xp = Xp(i) and r,, = Tn(i)’ increment the iteration counter by 1 and

return to step 22.

CASE 2, Calculation of a Field Point Adjacent to the Axis

Given the flow properties at a point on the axis of symmetry and
at the field point adjacent to the axis, a point adjacent to the axis is calcu-
lated. The unit process for CASE 2 is the same as the one for CASE 1
except that 91 = 0 and rg = 0 (see Figure A_-1). However, because of
several indeterminate forms which result for 91 = 0 and ry = 0, formulas 8,
15, 20, 21, 33, 48 and 49 listed under CASE 1 must be replaced by the

following relations:

8'. BL =0
sin a
f§
150 my = cos ay

2 6, + Hy Mg™ + 2 Hp Mp™ + 2 By (% - )+ (sg-sp)wgt 2wp (sy - sp)

20'. My = H, + 2 0
Hy (Mp™ - Mg™) - 0 (sg - sp)
21'. 6y = >
(sin 6,)/rn + Bn
33, Bl'n = 2
L 6p+Hy n MyF+ Hp  MgF 48y oo
48'. Mp()* = l ' 2 2 n(i)

Hl,n + Hr,n

Br,n (Xr - xn(i)) twyp n (51 - sn(i)) + wp, o (54 - sn(j))
Hl,n+ Hr,n
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49,

en(i) = Hf, n (Mn(i)::: - My %y . BI, n Tn(i) = “4, n (Sl - Sn(i))

CASE 3, Calculation of a Point on the Axis of Symmetry

Given the flow properties at point r, the properties at point

n(r, = 0, 0, = 0) are to be determined. This unit process is illustrated in

Figure A-2.

The flow properties at point n are calculated by the following

relations:

10.

11.

12.

Obtain M _* from the thermodynamic table using the known value of

sin 04 sin @y

B

r = r. cos (0 - ap)

Xp T Xp - Tp/\y
Obtain k,. and W, from the thermodynamic table (M,* as input)

5in &, COS U4

Wy = _
(%) x
Sn = Sy
_ 0p + Hy Mp* + By (xn - Xp) + wp (57 - sn)
M % = =

r
Obtain M, from thermodynamic table by entering M

o in-t L
= Sin _—
n

Mn
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An(i)

Axis of Symmetry Mn(i)*

Figure A-2. Unit Process for Point on Axis of Symmetry
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13.

14.

15.

16.

17.

18.

19.

20,

21.

22.

23,

24.

25.

cot @y,
H =
n Mn
e T \p
’\r,n 2
Hy + H
S
’ 2
By
= {< & ——
Bn tan n rr)
B 3 Br + Bn
r,n 2
Xn(i) T *r T r1‘/)‘1',n

Obtain k, and W, from the thermodynamic table (M, * as input)

sin @y cos ap

Wy, T —
(o)
W, n
(wp + wp)
“n,n ~ >
Sn(i) < Su
. Op + Hp n Mp* + Br,n (Xn(i) = Xp) t wp o (Sp - Sn(i))
Mpg)* = H
r,n
If either |Mp(j)* -~ Mp*| £ 1077 or the number of iterations exceeds

50, return to the main program; otherwise, set Xp = Xp(i)

Mp* = Mn(i)*’ increment the iteration counter by 1 and go to step 11.

CASE 4, Calculation of a point on the Contour

Given the flow properties at a point £, the properties at point n

are to be determined. The unit process for a boundary point is illustrated

in Figure A -3.

The properties at point n are determined by the following relations:

Obtain My * from the thermodynamic table using My as input.

46




Solid Boundary

Figure A-3.

Mn(i)*

Unit Process for Point on a Solid Boundary
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10.

11.

12,

13,

14.

15,

16.

17.

18.

1 1

Q@ = sin —I\X;

g - sin 61 sin @,

L= ry sin(8) + @)
cot ap

Hﬁ Mﬂ %

Ay =tan (8 + ay)

Bl,nzBf
Hl’nzH‘e
Ne,n= M

Obtain k!Z and W 2 from the thermodynamic table (M, * as input)

Sn = Su

sin @y cos Qy
R
(Wz ) k,

wl’n=wl

“g

Find x,, r,, and 6, by solving the intersection of the left running
characteristic with the contour.

6n - 6y - B ryg -1 w sy - sp)
M . n { ﬁ,n(l n) + 2,n (sg n

n(i)” ~ H,

M, % +
» 1 ! Hi,n

If either 'Mn(i) * -Mn*]g 107 or number of iterations exceed 50, return

to the main program; otherwise, set Mn=l< = Mn(i) * and go to step 16.
Obtain M, from thermodynamic table using My* as input.

oy 1
@ = sin~! ——

n Mn

>
i

tan (Gn + an)
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19.

20,

21.

22.

23.

24.

25.

26.

217.

28.

cot a
n
H. =

n- M, *
3 s8in On sina'n
n°- :
r, sin (Bn +a)
Hy + Hy
Hyon="37
N _ )‘I + )‘n
L£,n "~ 2
Bt,n =5

Obtain k, and W, from the thermodynamic table (Mp* as input)

Sn(i) = °n

sin @p cos @p

wp = —
R
(%)
_wl + W,
“¢,n ~ 2

Go to Step 13.

Subroutines SHOCK I and SHOCK.

Subroutines SHOCK I and SHOCK use the following sets of equations

to calculate the change in properties across adiabatic shocks. (See

Figure 2). Flow properties are known at points 1, 2, 12 and 13.

Subroutine SHOCK

Determine Py, V4, and py from Subroutine PROPTY,

Obtain kg; and W4 from the thermodynamic table using My * as input.

b= 0 - g
P, = Py + p, V& (1 - €;) sin® (§)

Obtain k,, from the thermodynamic table using P,; as input
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10.

11.

12.

13,

14.

15.

16.

17.

18.

(ky t 1 Pu (k¢+ 1) Py,
E')'—ku“l ) k11'1)P4+l

If e, -€,1< 10™% continue; otherwise, set ¢, = ¢, and return to step 4

VN“ = V4 €3 Sinl.l.l

N

VT, = V4 cos

|

V= l.(VNu)Z + (VTH)Z}

M SRo— _V_..Ll
1 c %

L‘Pll = ta.n—l (EZ tan LJ‘J)

oo
-
—

i

+ g

EDD = M sin® y

R
PAR =+
2 Kk, - 1
R T0EDD "X, 71
2k, ky - 1
= DD -
R, k4+1E ky

s, = 54 + PAR [(k4_l) ¢n R, + (k4_ l)ln Rz]

Subroutine SHOCK I

DEL = 2/57.3
Properties at points 1, 2, 12, and 13 are recalled from storage. If

the point being calculated is the first calculated point on the shock

! : .
wave, u, = 0, - @, where o, = tan ! l.m } ¢ ; otherwise,

My = i, » the angle of the first upstream shock point.

My =, + DEL
= - DEL
)T
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22.

23.

24,

25,

26.

27.

t4(z)= 11 - DEL
He(3)= w42 - DEL

N=3
Repeat steps 10 through 41 for D = 1 through N.

X gy = g (D)
tan y, + tan Xug
F =
2
B___(r; 'rz)-(jl - x )F
(r3 ~r;) - (x3 -x)F

X4 = Xp + B (x3 'XZ)

r4=rz+B(r3'1’z)

-+

S84 = 5, B(S3 -52)

+

0, = 6, B (6; - 0;)
My*=Mp* + B (M3 * - M %)
X5 T Xy

Ty = Ty

Use Subroutine SHOCK to obtain M;, ¥, 0;,, and s,

Obtain M,;, from the thermodynamic table using M,, * as input

1

1
(o4 = tan~! j—— 2
11 [Mllz - 1]

6, (D) = 8y,
016 (1)= On1

_tan (6,4 0) - @5, ) + tan (6, - a}))
- 2

ETA

G - (rll - rL) - (Xll - XIZ) ETA
(rys - rz) - {x3 - %) ETA
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28.

29.

30.

31.

32.

33,

34.

35.

36.

37.

38.

39.

40.

41.

x14 = X312 + G (%33 - X12)

iy =12 + G (ry; - 112)

s14 = 812 + G (813 - S12)

014 = 02 + G (83 - 6;2)
Mg ® = Mz * + G (M3 * - Mz %)

If 16, - 914(1) | = 10-%, proceed to step 34; otherwise, set
914(1) = 8,4, find M, from the thermodynamic table, find

Q, = tan-! I:I:/I—l—:z—_—_f —!% and return to step 26. If after 25 loops
of steps 26 through 33 the condition |6, - 914(1) | £ 10-% still has
not been met, and if D = 1, set w, = &, - 1/57.3 and return to

step 5.

01 = 64

1 1
Hy, = 0.5 ( + )
11 Mll * tan all Ml,‘ * ta.n Q/14

| ( sin a@;; sin O sin @4 sin 04
B;; =0.5 +
.ry; €cos (8, - aqy) T4 cOS (014 - @y4)

Obtain ky;, kyjg, Wy;, and W4 from the thermodynamic table

(My; * and My, * as input)

sin a;; €OS a3 + sin @4 cos ¥,

w1y = 0. 5 . —
R R
Rk =
Wy ! Wy,

011 (D) = 614 + By (x51 = X14) - Hyp (M % - My *) - w0y (81 - sp4)

If 16,;,(D) -0,;,1 < 10-% continue the calculations; otherwise, set

0;; = 6;; (D) and return to step 35.

If N = 1 the values established for point 11 are the final values.
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42.

Using Subroutine POLY, create two parabolic equations with the
two sets of values of puy and 6,,. Solve these two equations for
H11> set pg (1) = puas N = 1, and return to step 9 to establish the

final values of the properties at point 11.
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APPENDIX B

LISTING OF FORTRAN PROGRAM

PROGRAMMED BY CARL T.K. YOUNG , MUDIFIED BY JERRY DANIEL

PROGRAM SP-37M IBM 7040 COMPUTER SYSTEM SEPTEMBER, 1964

A FORTRAN IV COMPUTER PROGRAM TO CALCULATE FLOW PATTERN AND
PERFORMANCE PARAMETERS FOR AXIALLY SYMMETRIC NOZZLE (BAStD ON
METHOD OF CHARACTERISTICS AND UTILIZIES SC-4020 PLOTTER TO
CONSTRUCT PLOTS OF THE CHARACTERISTIC NETWORK AND STREAMLINES.
FLCW ASSUMED Tu BE SUPERSONIC, STEADY, ROTATIONAL, AND COMPRESS-
IBLE. THE CHEMICAL COMPUSITICN IS ASSUMED TO BE FROZEN

OR IN CHEMICAL EQUILIBRIUM.

DEVELOPED BY THE GASODYNAMICS/THERMOCHEMISTRY LABORATORY OF

BRCWN ENGINEERING COMPANY, INC.

COMMON FMVEC,FMSTAR,SFIELD,SSHOCK

COMMON/WAYN/ FMW,GAMMA

COMMON /XJR/ NSONE

COMMON/CAL/ KENTRU

DIMENSICON P(80),T(80)FMW(B0),GAMMA(80),FMVEC(80)+FMSTAR(80),
I XWALL{(250) ,YWALL(250) ,PWALL(25GC),FMWALL(250),XSAUEK(60),

2 YSAUER(60),THETAS(60),FMSAUR(60),XFIELD(3,6C),YFIELD(3,60),
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553

FORTRAN IV PROGRAM LISTING OF SP37-M

3 FMSFLDI(3,60), THETAV(3,60)XCWALL1250),YCWALLI250),XX12),YY12),
4 XM{2)oXT(2)4XSTR{60)4YSTR{60), THSTR{60) yNROW{3),IN(3,60),

5 DEL(3,60),SSHOCK{100),SSX{2),SFIELD(3,60),SSAUER(60)

DIMENSION XSHOCK(100), YSHOCK(100), FMSHOK(100), ¥TSHOCK(100),

1 XMUSHK{100), EPS(100),SSCWAL{125C)

DIMENSION CM( 6), NPTCM( 6), XCM{ 6,120), YCML 6+120)

TAN(X) = SIN(X)/COS{X)

Pl = 3.1415925636

REWIND 2

READ IN NUMBER OF CASES TO BE RUN

READ (5,553) NDATA
FORMAT (515)
WRITE (2,553) NDATA

NCASE =1

"

KT CONTROLS INPUT OF THERMODYNAMIC DATA. KT 1 FUR BEING
READ IN. KT = O FOR ADIABATIC FLOW, WITH CONSTANT MOLECULAR
WEIGHT AND SPECIFIC HEATS RATIO TO BE READ IN. KT = 2 FOR USING

THE SAME THERMODYNAMIC DATA AS THE PREVIOUS RUN

KC CONTROLS INPUT OF CONTOUR POINTS. KC = 1 FOR BcING READ IN.

KC = O FDOR USING THE SAME CONTOUKR AS THE PREVIOUS RUN
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393

552

FURTRAN IV PROGRAM LISTING 0OF SP37-M

KS CONTROLS STARTING LINE. KS = 1 FOR BEING READ IN. KS 0

FUOR BEING CALCULATED BY SUBRUUTINE SAUER. KS = 2 FOR USING THE

SAME STARTING LINE AS THE PREVIOUS RUN

KSHCCK CONTROLS THE OPTION OF COMPUTING SHOCK WAVES. KSHUOCK = G

FOR NOT COMPUTING., KSHOCK = 1 FOR COMPUTING

READ (5,553) KT, KC, KS, KSHOCK

REAC NUMBER OF INPUT POINTS UF THERMODYNAMIC DATA, UN THE

NOZZLE CONTOUR, ON THE STARTING LINE AND THE ORDER uF POLYNOMIAL
TO BE DESCRIBED FUR THE NOZZLE CONTOUR, AND NUMBER JUf CONSTANT
MACH NUMBER LINES TO BE PLOTTED

KENTRO CONTRGLS GPTION OF COMPUTING ENTROPY CHANGE ACROSS SHOCK
KENTRO=0 FOR COMPUTING . KENTRO=1 FOR NO CHANGE
READ(5,553)KENTRO

READ (5,553) NTABLL, NCTy NSUNE, N, NCM

READ AMBIENT PRESSURE, CHAMBER PRESSURE AND TEMPERATURE

READ (54552) PA, PC,y, TC

FORMAT (8+10.7)

READ THERMODYNAMIC DATA
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753

97

754

735

511

FORTRAN IV PROGRAM LISTING OF SP37-M

IF (KT - 1) 754, 753, 735

DO 97 1

"

1, NTABLE

READ (5,4552) P(1), T(I)y FMW(I), GAMMA(I), FMVEC(I), FMSTAR(I)
G = GAMMAI(1)

Tl = PLTN(1.0,7,FMVEC,NTABLE)

FMWl = PLTN(1.C,FMW,FMVEC,NTABLE)

Gl = PLTIN(1.0,GAMMA,FMVEC,NTABLE)

CSTAR = SQRT(32.174%1546.336%G1l#T1/FMW])

60 10 735

READ SPECIFIC HEATS RATIO AND MOLECULAR WEIGHT (FOR FROZEN FLOW)

READ (54552) Gy W
CALL THERMO(INTABLE )Gy WoyPCHyTC,sPyTyFMW,GAMMA,,FMVEC,FMSTAR,CSTAR)

CONTINUE

READ SYMBOL AND SCALES OF COURDINATES TO BE USED FOR S-C 402¢C

PLOTTER

READ (5,4511) ISYM, XCL, XCR, YCB, YCT

FORMAT (110,4F10.5)

READ DIFFERENT RADII AND THEIR RANGES OF THE NOZZLE WALL

IN THE NEIGHBORHOGD OF THE THROAT
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921

134

733

704

742

FORTRAN [V PROGRAM LISTING OF SP37-M

READ (5,552) RNXLl, RNXZ2, RPXly RPX2, RPX3

READ (5,552) XNl, XN2y XPly XP2, XP3

READ THROAT RADIUS, AREA RATIOy NUZZLE LENGTH, X COURDINATE OF
THE ROTATED NEW STARTING LINE ON THE CONTOUR, MAXIMUM ALLOWAGLE
MESH SIZE, AND A SPEC1AL FACTOR wHICH DECIDES THE CuUT-0OFF POINT

ON THE AXIS OF SYMMETRY

READ {5,552) RT, ARATIO, XNLTH, XC, DMAX, ANL

READ MACH NUMBERS FOR CONSTRUCTING CONSTANT MACH NUMBER LINES.

READ (5,552) (CM(TI)y I = 1, NCM)

READ POINTS ON THE NOZZLE CUNTDUR

IfF (KS - 1) 734, 733, 742

CALL SAUER(RNXZ24RT,GoyNSGNE,XSAUER, YSAUER, THETAS, FMSAUR, SSAUER)

GO TU 142

DO 704 4 1, NSONE

READ (5,552) XSAUER(J), YSAUER(J), THETAS(J), FMSAUR(J),SSAUERI(J)
THETAS(J) = THETAS(J) » PI / 18C.
CONTINUE

FMSUER = FMSAUR(1)
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FORTRAN IV PROGRAM LISTING OF SP37-M

IS =1

IF (XC .LE. XSAUER(1)) GO T0O 240v

IS =0
ISTART = 0O
R = RPX3

IF (XC .GT. XPl1 .AND. XC .LE. XP2) R = RPX2

IF (XC .LE. XPl) R = RPX1

YC = RT + R = SQRT(R#R - XC=XC)
XA = XSAUER(NSONE)

YA = YSAUER(NSONE)

SB = {(YC-YA)/(XC-XA)

2400 YEXIT = RT e SCRT(ARATIO)
FXT = 0.
IF(KC.EQ.0)GO TO 2323
DO 705 1=1,NCT
705 READ (5,552) XWALL{I),YWALL(I)

2323 YEXIT=YWALL(NCT)

PRINT INPUT DATA

WRITE (6,600)
600 FORMAT (1H145X425HINPUT DATA ARL AS FOLLOWS//)
WRITE (6,601) PA
601 FORMAT (1HO,10X,22HAMBIENT PRESSURE,y PA =4F12.7,5H PSIA)

WRITE (6,602) PC
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602

675

603

617

604

629

605

606

609

FORTRAN IV PROGRAM LISTING GF SP37-~-M

FORMAT (1HO,10X,22HCHAMBER PRESSURE, PC =,F12.7,5H PSIA)
WRITE (6,675) TC

FORMAT {1HO,7X4c5HCHAMBER TEMPERATURE, TC =,F12.7,94 DEGREE R)
WRITE (6,603) RY

FORMAT (1HOQ,13X, I9HTHROAT RADIUSy RT =,Fl2.7,4H IN.)
WRITE (6,617) XNLTH

FORMAT (1HO,10Xy22HNOZZLE LENGTH, XNLTH =,F12.7,4H IN.)
WRITE (6,604) ARATIO

FORMAT (1HO,13X,19HAREA RATIO, AE/AT =,F12.7)

WRITE (6,629) DMAX

FORMAT (1HOy13X, I9HMAXIMUM MeSH SIZt =,F12.7,4H IN.)
WRITE (6,605)

FORMAT (1HO,10X,44HRADII OF THE NOZZLE WALL IN THe NEIGHBORHOOD,

1 24H OF THE THRUAT, ASSUMING/11X,24HALL THE CENTERS OF RADII,

2 46H LIE CON THE Y-AXIS, AND THEIR EFFECTIVE RANGES//)

WRITE (6,606) RNX1, XNl, XNZ
WRITE (6,606) RNX2, XN2, FXT
WRITE (6,606) KPXLl, FXT, XPl
WRITE (6,606) RPX2, XPl, XP2
WRITE (6,606) RPX3, XP2Z, XP3

FORMAT (11Xy8HRADIUS =4F10e79s1Xy3HINey1Xy13HFOR X BLTWEEN,F12.7,

1 1Xy3HING» 1Xy3HANDy3X,F10e744H ING)

WRITE (6,609)

FORMAT (1H1,7X,18HTHERMODYNAMIC DATA///16X,8HPRESSURE5X,

L LIHTEMPERATURLE y3Xy 12HMOLECULAR WT,5X,8HSPECIFIC,6X,7THMACH NO,
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FGRTRAN IV PROGRAM LISTING OF SP37-M

2 9X2HM#/1TXs6H(PSIA) s TX,10H(DEGREE R)y3X,12H(LB/LB-MORE),»3X,

3 11HHEATS RATIO//)

J =1

DO 95 1 = 1, NTABLE

IF (1 - 50 = J) 95, 95, 331
331 WRITE (6,662)

J=J+1
95 WRITE (6,610) P(I), T(I), FMW(I), GAMMA(I), FMVEC(I), FMSTAR(I)
610 FORMAT (11X,Fl4.7,F15.7,4F14.7)
662 FORMAT (1H1)

WRITE (6,619) CSTAR
619 FORMAT (///10X,29HCRITICAL SONIC VELOCITY, C# =,Fl4.7,7H FT/SEC)

WRITE (6,607)
607 FORMAT (1H1,7X34HPOINTS DEFINING THE NOZZLE CONTOUR //1HO»17X,

1 IHXoL1Xy1HY/16XsSH{ING) 3 TX,5HIING)/)

DO 94 1 = 1, NCT
94 WRITE (6,608) XWALL(I), YWALLI(I)

608 FORMAT (11X42F12.7)

CREATE ARRAYS FUR CHARACTERISTIC NETWORK CONSTRUCTIUN

85 DO 96 J = 1, NSONE

FMSN = PLTN(FMSAUR(J)FMSTAR,FMVEC,NTABLE)

20 96 1 =1, 2

XFIELD(I,J) = XSAUER(J)
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96

611

144

612

681

6l4

613

FORTRAN IV PROGRAM LISTING OF SP37-M

YFIELD(I,J) = YSAUER(J)
SFIELD(1,J)=SSAUER(J)

THETAVI(I,J) THETAS(J)

4

FMSN

FMSFLD(I,J)
WRITE (6,611)
FORMAT (1H1,7X,27HPOINTS ON THE STARTING LINE/)

1F (FMSAUR(1) — FMSAUR(NSONE)) 743, 744, 743

CONTINUE

FMSSER = PLTN(FMSUER,FMSTAR,FMVEC,NTABLE)
PSAUER = PLTN{FMSUER,P,FMVEC,NTABLE)
TSAUER = PLTN(FMSUER,T,FMVEC NTABLE)

FMWS=PLTN{FMSUER yFMW, FMVEC,NTABLE)

GSAUER = PLTN(FMSUER,GAMMA,FMVEC,NTABLE)
CSAUER = SQRTI(32.174%1546.336#GSAUER#TSAUER/FMWS)
VSAUER = CSAUER # FMSUER

RHU = 144.0 # PSAUER * FMWS / (1546.336 ® TSAUER)
WRITE (6,612) FMSUER

FCRMAT (1HO,21X,10HMACH NO. =,F14.7)

WRITE (64681) FMSSER

FORMAT (28X,4HM* =,Fl4.7)

WRITE (6,614) GSAUER

FORMAT (11X,21HSPECIFIC HEAT RATIO =,Fl4.7)

WRITE (6,613) PSAUER

FORMAT (22X, 10HPRESSURE =yFl4.7,5H PSIA)

WRITE (6,684) TSAUER
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FORTRAN 1V PROGRAM LISTING OF SP37-M

684 FORMAT (19X,13HTLMPERATURE =,F14.7,9H DEGREE R)
WRITE (6,682) CSAUER
682 FORMAT (16X,16HSONIC VELOCITY =,fl4.7,7H FT/SEC)
WRITE (64,683) VSAUER
683 FORMAT (22X,10HVELOCITY =,F1l4.7T97H FT/SEC)
WRITE (6,689) RHU
689 FORMAT (23X,9HDENSITY =,F14.7,1CH LBM/CU-FT)
WRITE (6,685) FMHWS
685 FORMAT (14X,18HMOLECULAR WEIGHT =,Fl4.7,12H L8M/LB-MOLE)
WRITE(6,999)SSAUER(1)
WRITE (6,615)
999 FORMAT(Z21Xys9HENTROPY =,Fl4.7,16HBTU/LB. DEGREE R)
615 FORMAT (//1HO,18XeLHXs L1Xy LHY 39X ,5HTHETA/LTX,S5H{INS) s TXs5H(ING ),
1 SXs9HIDEGREES)/)
DO 32 4 = 1, NSONE
THETAS(J) = THETAS(J) = 180. / Pl
WRITE (64616) XSAUER({J), YSAUER{J), THETAS(J),SSAUER(J)
32 THETAS(J) = THETAS(J) e Pl / 180U.
616 FORMAT (12X,5F12.7)
GG TO 747
743 CONTINUE
WRITE (646115)
6115 FORMAT (1HO418XylHX 11Xy 1HY,9X, 5HTHETA,9X,y 1HM
110Xy THENTRUPY/ZL1TXySHIINL) 97X, 5H(IING) s SX9OH(DEGREES) , 15X, 15H(BTU/LB

2. DEG.R)/)
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31

1417

241

276
2117

671

FORTRAN IV PROGRAM LISTING OF SP37=M

DO 31 J = 1, NSONE

THETAS(J) = THETAS(J) # 180. / PI
WRITE (6,4616) XSAUER(J)y YSAUER(J), THETAS(J), FMSAUR(J)¢SSAUER(J)
THETAS(J) = THETAS(J) = Pl / 180.
CONTINUE

NMONE = NSONE - 1

DC 241 J = 2, NMONE

]

XSTR(J) XSAUER(J)

YSTR(J) YSAUER(J)

THSTR(J) = THETAS(J)
IF (IS .EG. O) GO YO 277
WRITE (2,511) ISYM, XCL, XCR, YCB, YCT
WRITE (2,276) NSUNEs (XSAUER(J), YSAUER(J),SSAUER(J),J=1,NSONE)
FORMAT (I110/(12F10.6))
WRITE (6,671)
FORMAT (lH1,1X,35HCALCULATED POINTS ARRANGED ROW WISE//
1 3Xy1HI 92Xy IHI 9 TX9y LHX9 10Xy LHY s 10Xy 1HMy 10Xy 2HM2#, 7X, 5HTHETA, 8X, LHT,
2 8XylHP 48Xy 1HV,5X, THDENSITY,,3Xy9HTOLERANCE +2X,OHITERATION,4X, 1HS/
3 12XyS5H(ING)6XsSH{ING) 28Xy S5H{DEG) 95X, TH(DEG R) 42X,

4 6H{PSIA)2X,8H(FT/SEC) y1Xy10H(LB/CU=FT)412X414H(BTU/LB.DEG.R)//)

CALCULATE FIELD PGINTS

REWIND 1

REWIND 3
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13

78

45

26

FURTRAN IV PROGRAM LISTING OF SP37-M

1 =1

IEXT = 0O
ISHCCK = 0
JLAST =1

KCHECK

]
p—

L1 =1

L2 1

M =1

1]
(o]

NPRINT

NTOTAL

1]
(=]

DO 13 J = 1, NCM

NPTCM(J) = O
NRCW(1) = NSONE
NROW(2) = NSONE
NRCW{3) = NSONE - 1
DO 78 J = 1, NSONE
FMSFLD(3,J) = O.

JEND = NRCOW(2) -1
JK = (1/72)%2 - 1 + 1

IF (ISHOCK .EQ. 0) GO TO 26

J2 = Jz2 + JK

J3 = J3 - JK + 1
Jll = Jll + JK
J13 = J13 + JK
IT = JK
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322
302

10

FORTRAN [V PROGRAM LISTING OF SP37-M

DO 20 J

"

1, JEND

J1l = JK + J

IF (FMSELD(2,J+1) <EQe Co o0R. FMSFLD(2,J) <EQe. O.) GO TO 1002

XR

I

XFIELD(24J)

YR YFIELD(2,J)

SSR=SFIELD(2,J)

FMSR = FMSFLOD(2,J)

FMR = PLTN(FMSR,FMVEC,FMSTAR,NTABLE)

THETAR = THETAVI(Z2,J)

[0}

XL XFIELO(244+1)

YL YFIELD(2,J+1)

(1}

SSL=SFIELD(Z2,J+1)

FMSL = FMSFLD(2,J4+1)

FML= PLTN(FMSL,FMVEC,FMSTAR,NTABLE)
THETAL = THETAV(2,J+})

IF (ISHOCK .GTe U «ANDe J1 .EQ. Jl1
IF (XL - XNLTH) 3C3, 303, 32¢Z

IF (XR = XNLTH) 302, 302, 1002

IF (4 - 1) 302, 302, 1002

IF (YL) 5, 5, 10

«AND. ITEST .LT.

CALL CASEL(XRyYR,FMRyTHETARy XL,y YL,)FML, THETAL,

1 NTABLE, XNy YNyFMSN, THETAN,DELTA, ICOUNT,SSNySSL,ySSR)

GO TO 306

5 CALL CASE2(XR,YRsFMR,THETAR, XL, YL FML,THETAL,

1 NTABLE $ XNy YN, FMSN, THETAN,DtLTA, ICOUNT,SSNySSL,SSR)

06

3)

GO TO 321




FORTRAN IV PROGRAM LISTING OF SP37-M

306 FMN = PLTN(FMSN,FMVEC,FMSTAR,NTABLE)
IF (IS .EQ. 1) GO TO 79
SA = (YL-YN)/{XL=-XN)
XXT= (YC-YN+SA«XN-SB#X(C)/(SA-SB)
IF (XN .LT. XXT) GO TO 3200
II =11 + 1

IF (XL = XXT «GV. 1l.E-05) GO 7O 71

OBTAIN NEW POINT ON THE ROTATED NEW STARTING LINE

ISTART = [START + 1

XSAUER{ISTART) = XXT

SSAUER(ISTART) =SSN

YSAUER(ISTART) = YN + SA e (XXT- XN)

IF (I .EQe 1 <AND. J+1 .EQ. NSON&) YSAUER(ISTART) = C.
THETAS({ISTART) = THETAL + (THETAN-THETAL) #(XXT-XL) / (XN-XL)
FMS = FMSL + (FMSN-FMSL) #(XXT-XL) / (XN=XL)

FMSAUR({ISTART) = PLTN(FMS,FMVEC,FMSTAR,NTABLE)

GO TG 71

79 IF (I .EQ. 1 .OR. ISHOCK .G6GT. O .UR. KSHOCK .EQ. 0) GD TO 3200

TEST IF CHARACTERISTICS OF SAME FAMILIES CROSS

XpP XFIELD(1,J1)

Ye YFIELD(1,J1)
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3200

71

1002

321

FURTRAN IV PROGRAM LISTING OF Sp37-M

CALL TEST(XRyYRyXLyYL9XNyYNsXP,YP,ITEST)

IF (ITEST «tQe. 1) GO TO 321

IF (IS +EQ. 9) GO 7O 71

WRITE (2,552) XRy YRy XN, YNsSSN,5SSR

WRITE (2,552) XLy YLy XNy YNySSN,SSL

CALL CMLINE(XRyYRsFMRyXNyYNyFMN,CM,NPTCMyXCM,YCM)

CALL CMLINE(XLyYLsFMLpXNyYN,FMN,CM,NPTCM,XCM,YCM)

FMSFLD(3,J1) = FMSN
XFIELD(3,J1) = XN
YFIELD(3,J1) = YN

SFIELD(3,J1)=SSN
THETAV(3,J1) = THETAN
IN{3,J1) = ICOUNT
DEL({3,J1) = DELTA

GC TC 29

CALCULATE PCINT DESCRIBING THE SHOCK WAVE

CALL SHGCKI(Ps14FMW,0AMMA, PC, NTABLE,CSTAR,XFIELD,
1 YFIELD4FMSHLD THETAVsNROWsJ9Jd19Jd2,J3,J11,J13,ITEST,ISHOCK,XSHOCK,
2 YSHOCK,FMSHCKy TSHUCK y XMUSHK,EPS)

IF (J+2 .GT. NRUW(2) <OR. FMSFLD{2,J+%2) +EQe 0&) ITEST = 3

IF (ITEST .EQ. 3) GU TO 24

FMN = PLTN(FMSFLD(3,J1),FMVEC,FMSTAR,NTABLE)

CALL CMLINE{(XRyYRyFMRyXFIELD(3,Ji),YFIELD(3,J1),FMN,CM,NPTCM,
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FORTRAN 1V PROGRAM LISTING OF SP3T7-M

1 XCM,YCM)
CALL CMLINE(XL, YL FMLyXFIELD(3,4J1)yYFIELD(3,J1),FMN,CM,NPTCM,
1 XCMyYCM)
IN(3,J1) = IN(3,J1) + 120
20 CONTINUE
24 IF (I - (I/2)%2) 59, 59, 2100
2100 K = 0
G0 10 2009
59 NN = NROW(3)
| IF (IS .EQ. O <AND. Il .EQ. NN} GO TO 40
IF (IS .EQ. 0) GU TO 2009
IF (KCHECK .EQ. 2) GO TO 313
IF (FMSFLD(2,JEND*1) .EQ. O. .OR. XL +GE. XNLTH) GU TO 313
CALL CASE3(XL,YL,FML,THETAL, XNy YN, FMSN,THETAN,NTABLE,
1 DELTA, ICOUNT,SSN,SSL)
SR = SQRT{(XL-XN)##2 ¢+ (YL-YN)==2)

IF (SR .LE. DMAX) GO 7O 902

c CREATE NEw CHARACTERISTICS FROM THE AXIS OF SYMMETRY

D0 903 KK = 1y 2

NN = NROWI(KK)

]

XX{KK) XFIELD{(KKyNN)

YY{KK)

YFIELD(KK,yNN)

SSX{KK)=SFIELD(KKyNN)
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XM(KK) = PLTN(FMSFLD{KK,NN),FMVEC,FMSTAR,NTABLE)
903 XT(KK) = THETAV(KK,NN)
CALL EXTRAB(XXsYY XMy XT, NTABLEyNROWy XFIELD,YFIELD,

902

313

901

911

2009

FORTRAN [V PROGRAM LISTING OF SP37-M

1 FMSFLD,THETAV,DMAXDEL,IN, IEXT CM,NPTCM,XCM,YCM,SSX)
NN = NROW(3)

60 TO 901

WRITE (2,552) XLs YL, XN, YN,SSN

FMN = PLIN{FMSN,FMVEC,FMSTAR,NTABLE)

CALL CMLINE(XL YL FMLyXNsYNyrMN,CMsNPTCM,XCM,YCM)

FMSFLD({3,NN) = FMSN
XFIELD{3,NN)} = XN
YFIELD(3,NN) = YN

SFIELD{3,NN)=SSN

THETAV{3,NN) = THETAN

IN{3,NN} = ICOUNT

DEL(3,NN) = DELTA

IF (KCHECK LEQs 2 ANDe X «GT. XNLTH) DEL{34NN} = 1l0C.
X = Q.

IF (FMSFLD({3,NN) .EQ. C.) GU TO 911

FMN = PLTN(FMSFLD(3,NN),FMVEC,FMSTAR,NTABLE)
X = YeXIT ®» SQRT(FMNa#FMN-1.) + XFIELD(3,NN)
IF (X «GE. ANL # XNLTH) KCHECK = 2

K =1

I =1 +1

IF (IS .EQ. 0O) GU TO 74
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FORTRAN IV PROGRAM LISTING OF SP37-M

C CONSTRUCTY PORTIUNS Or STREAMLINES

CALL STREAM(XFIELD,yYFIELD,FMSFLD,THETAV,KyNSUNEXSTR,YSTR,THSTR,
1 NTUTAL ,NROW)
T4 DO 2004 KK = 1, 2
NN = NROW(KK+1)
NROW(KK) = NN

, DO 2004 J = 1, NN

XFIELD(KKyJ) = XFIELD(KK+1,J)
YFIELD(KKyJ) = YFIELD(KK+1,J)
FMSFLD({KKyJ) = FMSFLD(KK+1,J)
THETAVIKKyJ) = THETAV(KK+1,J)

SFIELD{KKyJ)=SFIELD(KK+1,J)
IN(KKyJ) = IN(KK+1,J)
DEL(KK,J) = DEL(KK+1,J)
IF (KK «NE. 2) GO TO 2004
FMSFLD(3,J) = 0.

2004 CONTINUE
FMSFLD(3,NN+1) = O.

NRCOW(3) = NROW(2) + 1 — 2«(] ~ (1/2)%2)

IF (ITEST .NE. 3) GO TO 2016
ITEST = 4

{ IF (IS .EQ. 0) NROW(3) = NROW(3) = 1 ¢+ I - (I/2)e2
NROW(3) = Jl1 - 1

|

\'
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FORTRAN IV PROGRAM LISTING OF SP37-M

2016 IF (IEXT .EQ. O) GO TU 2014

PRINT EXTRA MESH POINTS CREATED DURING MESH SIZt CONTROL PROCESS

REWIND 3
DO 2011 J = 1, lEXT
READ (3) XN, YN, FMN, FMSN, THETAN, II,SSN

NPRINT NPRINT + 1

[}

THETAN THETAN = 18C. / P1
IF (NPRINT - 52) 821, 821, 822
822 NDEL = NPRINT = 53 - 56#((NPRINT-52)/56)
IF (NDEL) 821, &23, 821
823 WRITE (6,686)
821 WRITE [(6,669) XN, YN, FMN, FMSN, THETAN, II,SSN
2011 CONTINUE
686 FORMAT (11,
1 3Xy1HT 42Xy 1HI 3 TX 9y LHXy 10Xy 1HY ) 10Xy 1HMy 10X,y 2HM% , 7X, SHTHETA,8X, 1HT,
2 BXyLHP,8Xy 1HV y5Xy THOENSITY 93Xy 9HTOLERANCE 22Xy 9HITERATION, 4X, 1HS/
3 12X95H(INe) 36X 35HIING) 128Xy5H(DLG) 45X THIDEG R),2X,
4 O6H(PSIA) 42X y8H(FT/SEC) s 1XoLOH(LE/CU-FT),12X,14H(BTU/LB.DEG.R)//)
669 FORMAT (T7XyF1l2+7y3F11.7,F12e743X,28H——=~~ EXTRA PUINT CREATED ,
1 29HWHILE CALLING SUBROUTINE CASE,I1)
[IEXT = 0
REWIND 3

2014 IF (I .EQ. 2) GO TOU 2015
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FURTRAN IV PROGRAM LISTING OF SP37-M

PRINT MESH POINTS OF THE CHARACTERISTIC NETWORK

DO 2012 M = L1, L2

NN

NRCHW(M)

11 I -2 + M

DO 2012 J = 1, NN
IF (FMSFLD(M,J) .EQ. 0.) GO TO 2050
FMSN = FMSFLD(M,J)
SSN=SFIELD(M,J)
CALL PRCPTY{(FMSN, T,FMW,GAMMA, NTABLE PN,y TN, VN,
1 RHUNyFMNySSN,PC,PON)
814 THETAVI(M,J) = THETAV(M,J) » 180. / Pl
NPRINT = NPRINT + 1
IF (NPRINT - 52) 811, 811, 812
812 NDEL = NPRINT - 53 - 56#((NPRINT-52)/56)
IF (NDEL) 811, 813, 811
813 WRITE (6,686)
811 IF (IN(M,J) .Gt. 120) GG TO 2032
IF (IN{M,J) .GE. 60) GO TOU 2C13
WRITE (6,670) 11,3JoXFIELD(MyJ)yYFIELD(MyJ),FMNyFMSFLD(MyJ))
1 THETAVI(MyJ) 3 TNyPNyVNyRHUN,DEL(MyJ), IN(MyJ)ySFIELD(M,J)
GO 10 2018
2032 WRITE (6,663) ILlysJsXFIELD(MyJ)y YFIELD(MyJ)oFMN,FMSFLU(M,J),

1 THETAV{MyJ) sy TNyPNyVNyRHUN,DEL(M,J),SFIELD(M,J)
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FORTRAN IV PROGRAM LISTING OF SP37-M

IF (ITEST .NE. 4) GO TO 2018
WRITE (6,6123)
ITEST = 2
6123 FORMAT (lHO,10X,27HEND OF RIGHT INCLINED SHOCK/)
GO TO 2018
2013 IN(M,J) = IN(M,J) = 60
WRITE (6,668) I13JyXFIELD(MyJ) s YFIELD(MyJ) ¢ FMN.FMSELD(M,Jd),
1 THETAV(MyJ) s TNyPNyVNyRHUNsDEL (Mg J) s IN(Myd) g SFIELD{Myd)
2018 THETAV(M,J) = THETAV(M,J) e PI / 180.
2050 IF (DEL(MyJ) .GT. 50.) WRITE (6,664)
2012 CONTINUE
663 FORMAT (1X9213,F12.793FL1.T,F12.79F9.1,FB.24F9.1,F11.6,F11.7,
1 SXyFl1.7,1HS)
664 FORMAT (1HO,10X,40HCHARACTERISTIC CUT-OFF HAS BEEN EXECUTED/)
668 FORMAT (1X9213,F12.743F11.7,F12.7,F9.1,F8.2,F9.1,F11.6,F11.7,
1 748Xy 1HE)
670 FORMAT (1X9213,F12.743F11.7,F12.74F9.14FB.2,F9.1,F1l1.6,FL1.7,17
1,F10.5)
IF (IS .EQ. O .AND. M .GT. 2) GO TO 82
2015 IF (M .GT. 2) GO TQ 42
IF (1 .GT. (1/2)#2) GO TO 45
IF (FMSFLD(2,1) <EQ. 0.) GO TO 40

XL XFIELD(2,1)

YL YFIELD(Z2,1)

SSL=SFIELD(2,1)

4
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FORTRAN 1V PROGRAM LISTING OF SP37-M

FMSL = FMSFLD(2,1)

FML = PLTN(FMSL,FMVEC,FMSTAR,NTABLE)

THETAL = THETAVI(Z2,1)

CALL CASE4(XL,YL,FML,THETAL,NCT, XWALL » YWALL 4RT,
1 NTABLE RNX1yXNLsRNXZ2sXN2yRPX1 9y XPLyRPX2¢XP2,RPX33XP 34Ny XNy YN,
2 FMSN,THETAN,DELTA, ICOUNT,SSN,ySSL)

IF (IS .EQ. 0) GO 7O 905

SL = SQRT{(XL=XN)=#2 + (YL-YN)#s2)

{F (SL .LE. DMAX) GO YO 905

CREATE NEW CHARACTERISTICS FROM THE NOZZILE CONTOUR

DO 906 KK = 14 2

XX{KK) = XFIELD(KK,1)

SSX(KK)=SFIELD(KK,1)

YY{KK) = YFIELD(KK,1)

XM{KK) = PLTN(FMSFLD(KK,1),FMVEC,FMSTAR,NTABLE)

XT{KK) = THETAV(KK,1)

CALL EXTRA4(XXoYYXMyXT, NCT, XWALLyYWALL,NTABLEL,

1 RTyRNXLyXNLy;RNXZ2yXNZ2sRPXLyXPLyRPX24XP2,RPX3,XP3,yN,yNROWyXFIELD,

2 YFIELD yFMSFLD s THETAVDMAX, 0Ly INyIEXT,CMy,NPTCM, XCM,YCM, SSX
1)

JK = JEXT / 3

J2 = 42 + JK

J3 = J3 + JK
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FORTRAN IV PROGRAM LISTING OF SP37-M

J11 J11 + UK

J13

J13 + JK
GO TO 904

XFIELD(3,1) XN

i

fh

YFIELD(3,1) YN

SFIELD(3,1)=55N

#"

FMSFLD(3,1) FMSN

THETAVI(3,1) THETAN

#

IN({3,1) = ICOUNT

DEL(3,1) = DELTA

FMN = PLTN(FMSN,FMVEC,FMSTAR,NTABLE)

IF (IS .EQe 1) CALL CMLINE(XL,YL FMLsXNy9YN,FMN,CM,NPTCM,XCM,YCM)
IF (IS .EQe 1 .OR. XN .LT. XC) GO TO 11

IF (JLAST .tQ. 2) GO TO 29

IF (ABS(XN—=XC) .LEe. 1.E-03 .ANDe. ABS(YN-YC) .LE. 1.&E-03) GO TO 12
SA = (YL-YN)/{XL-XN)

XXT= (YC-YN+SA#xXN-SB#XC}/{SA~-5B)

IF (XL .GE. XXT) GO TO 12

ISTART = ISTART + 1

SSAUER({ISTART) =SSN

XSAUER(ISTART) XXT

YSAUER(ISTART) YN + SA # (XXT- XN)

THETAS(ISTART) THETAL + (THETAWN-THETAL) #(XXT=XL) / {XN-XL)
FMS = FMSL + (FMSN-FMSL) *({XXT-=XL) 7/ (XN=XL)

FMSAUR(ISTART) = PLTIN(FMS,FMVEC,FMSTAR,NTABLE)
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FORTRAN IV PROGRAM LISTING OF SP37-M

OBTAIN THE TOP MOST POINT ON THE ROTATED NEW STARTING LINE BY

FALSE POSITION METHOD

(N o N o N g

12 XL XFIELD(1,1)

YL YFIELD(1,1)

SSL=SFIELD(1,1)

FMSL = FMSFLD(1,1)

FML = PLTN(FMSL,FMVEC,FMSTAR,NTABLE)
| THETAL = THETAVI(1,1)

XR XFIELD(2,1)

YR YFIELD(2,1)

SSR=SFIELD(2,1)

FMSR = FMSFLD(2,1)

FMR = PLTIN{FMSR,FMVEC,FMSTAR,NTABLE)
THETAR = THETAV(2,1)

IK =0

81 Xxp (XL + XR) / 2.

Ye

(YL + YR) / 2.

SSP=(SSL+SSR) /2.

FMP = (FML + FMR)/ 2.

THETAP = (THETAL + THETAR) / 2.

IK = IK + 1

CALL CASE4(XP,YPFMP,THETAP,NCT, XWALL » YWALL,RT,

1 NTABLERNX19XNLyRNX29XN2yRPX1yXPLlgRPX29XP2yRPX33XP353NyXNy YN,

11



80

17

29

11

FORTRAN IV PROGRAM LISTING OF SP37-M

2 FMSN, THETAN,DELTA, ICOUNT,SSNy»SSP)

If

IF

XL

YL

{ABS{XC—=XN)

{ XN

XP

YP

SSL=55P

FML

.GT.

FMP

THETAL

GO

XR

YR

]

T0 81

XpP

YP

SSR=SSP

FMR

FMP

THETAR

GO 1O 81

ISTART

XC)

THETAP

THETAP

XSAUER(ISTART)

YSAUER{ISTART)

i

LT: loE"Ob

G8 TU 80

ISTART + 1

XN

YN

SSAUER(ISTART) =SSN

THETAS{ISTART)

FMSAUR(ISTART) =

JLAST

1fF

2

{NROW(3)

6O TO 45

IF

(IS «EQ.

-EQ.

0)

G

THETAN

- LR

IK

+GE.

10) GO 10O 77

PLTN(FMSN,FMVEC ,FMSTAR,NTABLE)

1) o0 TOU 40

0 TO 45

18
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42
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FORTRAN IV PROGRAM LISTING OF SP3T7-M

WRITE (2,552) XL,y YL, XNy YN,SSN,SSL

JLAST = JLAST + 1}
XCWALL{JLAST) = XFIELDI(3,1)
YCWALL(JLAST) = YFIELDI3,1)

SSCWAL(JLAST)=SFIELD(3,1)

FMWALL{JLAST) = PLIN{FMSFLD(3,1),FMVEC,FMSTAR,NTABLE)
PWALL{JLAST) = PLTN(FMSFLD(3,1),P,FMSTAR,NTABLE)

IF (XFIELD(3,1) .LT. XNLTH) GO TU 45

L1 = 2

L2 = 3

GO TO 2016

XCWALL(L) XSAUER(1)

YCWALLI(L) YSAUER(1)

SSCWAL{1)=SSAUER(1)

FMWALL (1) = FMSAURI(L)

PWALLI{1) = PLTN(FMwWALL(1),P,FMVEC,NTABLE)

CALL PERFOR(XSAUER,YSAUER,FMSAUR, THETAS, XCWALL,YCWALL,PWALL,

1 PyToGAMMA,FMN, NTABLE ¢y NSONEy JLASTy Ny PA,PC,RT ¢ XNLTH,YEXIT)
WRITE {(24552) XN, YNs XN, YN,SSN

IF {ISHOCK .EQ. 0) GO TO 14

WRITE (64677)

FORMAT (1H1,10X,27HPOINTS ALONG THE SHOCK WAVE//20Xs1HXy15X,1HY,
1 13Xs5HTHETA,13X,2HM#,8X,11HSHOCK ANGLE,5X,13HDENSITY RATIO,
17Xy THENTROPY/

2 18XyS5H(ING) s 11Xs5H{ING)y11Xs5H{DEG) 226X+ 5H{DEG)
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678

14

244

245

FORTRAN IV PROGRAM LISTING OF SP37-M

4423X914H(BTU/LB.DEG.R)/)

DO 571 =1, ISHUCK

TSHOCK( 1) TSHUCK(I) e 180. / PI

XMUSHK(1)

XMUSHK(I) e 180. / PI

WRITE (6,678) XSHOCK(I), YSHGCK(I), TSHOCK(I)s FMSHUK{I),

1 XMUSHK(I), EPS(I),SSHOCKI(I)

FORMAT (1HO,10X,7€16.8)

WRITE ALL INFORMATION ABOUT FIELD POINTS AND STREAMLINES ON

TAPE 2 TO FEED THE SC-4020 PLOTTER

WRITE {2,276} JLAST, (XCWALL{J), YCWALL(J)s» J = 1y JLAST)
WRITE (2,553) NTOTAL

REWIND 1

NPOINT = O

READ (1) XLy YLy XRy YR

WRITE (24552) XL, YLy XR,y YR

NPCINT = NPOINY + 1

IF (NPOINT - NTOTAL) 244, 245, 245

SORT POINTS ON EACH OF THE CUNSTANT MACH NUMBER LINES IN

DECENDING CRDER ALUNG THE Y-AXIS AND WRITE ON TAPE 2

NCP = NCM

DO 17 1 = 1, NCM
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! 631

16

FORTRAN IV PROGRAM LISTING OF SP37-M

IF (NPTCM(I) LE. 1) NCP = NCM -1

CONTINUE

WRITE (24553) NCP

WRITE (6,631) NCP

FORMAT (1H1,5X,33HCALCULATED POINTS ON EACH OF THE ,12,
1 39H CONSTANT PROPERTY LINES ARE AS FOLLOWS/)
ICP =0

D0 15 I = 1, NCM

IF (NPTCM(I) .LE. 1) GO TO 15

NPT = NPTCM(I)

NMCNE = NPT -1

DO 16 J = 1y NMGONE

NN = NPT - J + 1

DO 16 K = 2, NN

IF (YCM({I,K) .LE. YCMII,K-1)) GO TO 16

TEMP

XCM(I,K)

XCM(I,K) = XCM(I,K-1)

XCM(I,K-1) = TEMP

TEMP = YCM(I,K)

YCMI{I,K) = YCM{I,K-1)

YCM(I,K=-1) = TEMP

CONTINUE

WRITE (2,276) NPT, (XCM(I,K)y YCM(I4K)y K = 1y NPT)

FMSCP

PLIN(CM(I),FMSTAR,FMVEC,NTABLE)

ALPHA

81
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FORTRAN IV PROGRAM LISTING OF SP37-M

TCP = PLTIN(CM(T),T,FMVEC,NTABLE)

pCp PLIN(CM(I),P,FMVEC,NTABLE)

GCp PLIN(CM{I),GAMMA,FMVEC,NTABLE)

FMWCP = PLTN(CM(I),FMW,FMVEC,NTALLE)

CCP = SWURT(32.174%#1546.336*GCP*TCP/FMWCP)

veP = CCP = CM(])

RHU = 144. # PCP # FMWCP / (1546.336 = TCP)

ICP = ICP + 1

WRITE (6,632) 1CPCM(I),FMSCP,ALPHA,TCP,PCP,GCP,FMWLP,VCP,RHU
632 FORMAT (////7X,1Z2,2H. »3THPOINTS ON THE CONSTANT PRUPERTY LINE ,

1 4HWITH//20X13HMACH NUMBER =,F12.5,20X,23HREFERENCE MACH NUMBER =,

2 F12.5/21X4y12HMACH ANGLE =,F12.5,8H DEGREES,22X, 13HTEMPERATURE =,

3 F1l2.549H DEGREE R/23X,1CHPRESSURE =4F12.5,5H PSTA, 16X,

4 22HSPECIFIC HEATS RATIO =,F12.5/15X, 18HMOLECULAR WEIGHT =,Fl12.5,

5 12H LBM/LB-MOLc 21X, LOHVELULITY =4F12.5,7H FT/SEC/c4X,9HDENSITY =

6 Flz.5,10H LBM/CU-FT//)

N3 = 0

H

952 N1 N3 + 1

DO 951 J = N1, NPT

N3 = N1 + 7

IF (N3 .GT. NPT} N3 = NPT

WRITE (64633) (XUM(I1,J)sJ=N1,4N3)
€33 FORMAT (11X,3HX =,8F12.5)

WRITE (64634) (YCM(I,J)sJ=N1¢N3)

634 FORMAT (11X,3HY =,8Fl2.5/)
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951

15

622

751

152
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FORTRAN IV PROGRAM LISTING OF SP37-M

IFIN3.LT.NPT) GO TO 952
CONTINUE

CONTINUE

WRITE (6,622)

FORMATY (//777725X425Hannunn END OF CASE #sssasn)
IF (NCASE - NDATA) 751, 752, 752
NCASE = NCASE + 1

GO 10 93

CONTINUE

REWIND 2

PAUSE 77777

CALL EXIT

SORT POINTS ON THE ROTATED NEW STARTING LINE IN DECENDING

ORDER ALONG THE Y-AXIS

NSONE

ISTART

NMONE NSCNE - 1

DO 84 I = 1, NMONE

NN = NSONE - I + 1

DO 84 J = 24 NN

IF (YSAUER(J) oLE. YSAUER{J-1)) GO TO 84
TEMP = XSAUERI(J)

XSAUER{J) = XSAUER(J-1)

XSAUER{J-1) = TEMP
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FORTRAN IV PROGRAM LISTING OF SP37-M

TEMP = YSAUER(J)
YSALER(J) = YSAUER(J-1)
YSAUER(J-1) = TEMP
TEMP=SSAUER( J)
SSAUER(J)=SSAUER(J=1)
SSAUER(J~1)=TEMP

TEMP = THETAS(J)
THETAS(J) = THETAS(J-1)
THETAS(J=-1) = TEMP

TEMP = FMSAUR(J)
FMSAUR(J) = FMSAUR(J-1)
FMSAUR(J=1) = TEMP
CONTINUE

IS =1

GO TUO 85

END

84
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE CASE 1

SUBROUTINE TO CALCULATE A N&Ew FIELD POINT WITH BOTH INPUT POINTS

LOCATED IN THE CENTER FIELD

SUBROUTINE CASEL(XXRoYYR,FFMRyTHETAPXXL o YYL FFML, THETAQ,
1 NTABLE 3 XNy YN, FMSN,THETAN,DELTA, ICOUNT ,SSNySSL,SSR)
COMMON FMVEC,FMSTAR

COMMON/WAYN/ FMW,GAMMA

DIMENSICON FMW(80) ,GAMMA(80)

DIMENSION FMVEC(80), FMSTAR(80)

TAN(X) = SIN(X)/COS(X)

ICOUNT = 1

DELT

0.

XR

YR

=

FMR

XXR

YYR

FEMR

THETAR = THETAP

XL = XXL
YL = YYL
FML = FFML

THETAL = THETAQ
IF (FML .GT. 1.0 .OR. FMR .GT. 1.0) GO TO 103
WRITE (6,666) XR, YR, FMR, XL, YL, FML,SSR,SSL
666 FORMAT (1H1,10X,46HERROR MESSAGE, EITHER FMR OR FML IS LESS THAN

1 3HONE//11X,8F12.7)
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE CASE 1

GO TO 801

FMSL PLTN(FML ¢ FMSTAR y FMVEC yNTAGLE)

FMSR PLTN(FMR,FMSTAR, FMVEC yNTAHBLE)

ALPHAL ATAN(SQRT(1l./(FML#FML=-1.)))

ALPHAR

ATAN(SQRT(1l./(FMR#FMR=1.))})

FLAMDL TAN(THETAL+ALPHAL)

FLAMDR TAN(THETAR=ALPHAR)

HL 1. /(TAN(ALPHAL ) #FMSL)

HR 1. /({TAN(ALPHAR) #FMSR)

BETAL SIN(THETAL) #SIN(ALPHAL)/(YL#*SIN(THETAL+ALPHAL))

BETAR

SIN(THETAR) *SIN(ALPHAR)/ (YR#COS { THETAR=ALPHAR) )
XN={ {FLAMDR *XR~FLAMDL*XL) +YL-YR )/ (FLAMDR=FLAMDL )

YN = YL = FLAMDL® (XL=XN)
GL=PLTN(FMSL ,GAMMA, FMSTAR , NTABLE)
FMWL=PLTN{FMSL o FMWy FMSTAR y NTABLE)
WL=(SIN(ALPHAL) #COS (ALPHAL) ) /{15464.336/ ( FMHL #7784 ) ¢GL)
GR=PLTN(FMSR s GAMMA, FMSTAR ,NTABLE)
FMWR=PLTN(FMSR, FMWy FMSTAR,NTABLE)
WR=(SINIALPHAR) #COS (ALPHAR) )/ (1546.336/ ( FMWR#T78.) #GR)
XETAL=SIN (ALPHAL)/COS (THLTAL+ALPHAL)

XETAR=SIN (ALPHAR)/COS (THETAR-ALPHAR)

DN={ ( XN=-XR)#SIN (ALPHAR) )}/CUS {THETAR-ALPHAR)

DW =(SSR=SSL)/ ( {XN=XL)*#XETAL+{XN-XR)*XETAR)

SSN=SSR-DW#DN

FMSN = (THETAR-THETAL+HL#FMSL +HR#FMSR-BETAR® (XR=-XN)-BETAL®(YL~-YN
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FURTRAN 1V PROGRAM LISTING OF SUBROUTINE CASE 1

1 )}/ (HL+HR) + (WR# (SSR-SSN)+WL#(SSL-SSN) )/ (HL+HR)

THETAN = THETAL-HL#(FMSL~FMSN)+8cTAL#(YL-YN)-WL*#(SSL-SSN)
IF (FMSN .GT. 1.0) GO TO 30

IF (FMSR .GT. FMSL) GO TO 31

FMSN = FMSL

THETAN = THETAL

GO 1O 30

FMSN = FMSR

THETAN = THETAR

IF (FMSN .GT. FMSTAR(NTABLE) .OR. FMSN .LE. l.) GO IO 104
FMN = PLTN(FMSN,FMVEC,FMSTAR,NTABLE)

ALPHAN = ATAN(SQRT(1./(FMN#FMN-1.)))

FLAMN = TAN(THETAN+ALPHAN)

FLAMNP= TAN(THETAN-ALPHAN)

HN = 1./(TAN(ALPHAN)«FMSN)

BETAN = SIN(THETAN)#*SIN{ALPHAN)/(YN«#SIN(THETAN+ALPHAN))

BETANP= SIN(THETAN)#SIN(ALPHAN)/(YN#COS(THETAN-ALPHAN))

FLAMRN = (FLAMDR + FLAMNP)/2.

FLAMLN = (FLAMDL + FLAMN)/2.

HLN = (HL + HN)/2.

HRN = (HR 4 HN)/Z2.

BETARN = (BETAR + BETANP)/2.

BETALN = (BETAL + BETAN)/2.

XN = ((FLAMRN#XR-FLAMLN#XL)+YL-YR)/ (FLAMRN-FLAMLN)
YN = YL - FLAMLN#{XL-XN)
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FORTRAN IV PROGRAM LISTING OF SUBROUTINe CASE 1

XETAN=SIN (ALPHAN)/COS (THETAN+ALPHAN)

XETANP=SIN (ALPHAN)/COS (THETAN-ALPHAN)
XETANL=(XETAL+XETAN)/2.

XETANR={XETAR+XETANP) /2.

GN=PLTN(FMSNyGAMMA, FMSTAR,NTABLL)

FMWN=PLTN(FMSN,FMW, FMSTAR,NTABLE)

WN={SIN (ALPHAN)*COS (ALPHAN))/(1546.336/(FMWN=7T78.)#GN)
WLN=(WL+WN) /2. |
WRN={WR+WN}/2.

DNN=(XN—XR$*XETANR

DWN= (SSR=SSL)}/({XN=-XL)*XETANL+ (XN~XR)#*XETANR)
SSN=SSR-DWN#DNN

FMSN = (THETAR=-THETAL+HLN®#FMSL+HRN#FMSR-BETARN*( XR=XN)-BETALN®*
1 (YL-=YN))/ (HLN+HRN) + {WRN#({SSR=SSN) +WLN#*#(SSL-SSN) )/ (HLN+HRN)

THETA THETAL-HLN#* (FMSL-FMSN)+BETALN#{(YL-YN)-WLN®*{SSL-SSN)

DELTA THETA - THETAN

IF (ABS(DELTA) .LE. 1.E-07) GO TU 10
If (ICOUNT .LE. 1) GO TO 60

IF (ABS(DELTA) .Gt. ABS(DELT)) GU TO 70

XT = XN
YT = YN
SST=5SN

THETAT = THETAN
FMSNT = FMSN

DELT = DELTA
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. FORTRAN IV PROGRAM LISTING OF SUBROUTINE CASE 1

70 THETAN = THETA
IF (ICOUNT .GE. 50) 6O TO 104
ICOUNT = ICOUNT + 1
GO TCO 30

104 XN = XT
YN = YT
SSN=SST
THETAN = THETAT
FMSN = FMSNT
DELTA = DELTY

10 RETURN

801 CALL DuwmP

END
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1

FGRTRAN IV PROGRAM LISTING OF SUBROUTINE CASE 2

SUBROUTINE TU CALCULAYE A Nbw FILLD POINT WITH ONE uF THE INPUT

PUOINTS ON THE AXIS OF SYMMETRY

SUBRUUTINE CASEZ(XXRyYYR,FFMRy THETAP ¢ XXL,,YYL,FFML,THETAQ,

COMMUN FMVEC,yFMSTAR
COMMUN/WAYN/ tMW,GAMMA
DIMENSILN FMW(B0),GAMMA(BO)
DIMENSION FMVEC(B0), FMSTAR{sUG)

TAN({X) SIN(X)/COS(X)

ICCUNT

1
DELT = 0.

XR = XXR

YR = YYR

FMR = FFMR

THETAR = THETAP

XL = XXL

YL = YYL

FML = FFML

THETAL = THETAG

IF (FML +6T. 1.0 +ORe FMR .GT.

WRITE (6,666) XKy YRy FMR, XL,

FORMAT

3HONE//11X,8F12.17)

YL

(1H1,10X,46HERRUR MESSAGE,

s SSNySSLySSR )

GO TO 103
FMLySSR,SSL

EITHER FMR OR FML IS LESS THAN
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE CASE 2

GO 1O 802

FMSL = PLIN(FML,FMSTAR,FMVEC,NTABLE)
FMSR = PLTN(FMR,FMSTARyFMVEC,NTABLE)
ALPHAL = ATAN(SQRT(1l./(FML#FML-1.)))
ALPHAR = ATAN(SQRT(l./(FMR®#FMR-1.)))
FLAMDL = TAN(ALPHAL)

FLAMDR = TAN(THETAR-ALPHAR)

BETAR = SIN (THETAR)#SIN (ALPHAR)/{YR#COS (THETAR-ALPHAR]))

HL = 1./(TAN(ALPHAL)®*FMSL)

HR = 1o/ (TAN{ALPHAR)®FMSR)

XN = (YR+FLAMDL#2XL~-FLAMDR#XR)/{(FLAMDL-FLAMDR)
YN = FLAMDL#(XN-XL)

GL=PLTN(FMSL,GAMMA,FMSTAR,NTABLE)

FMWL=PLTIN(FMSL ,FMW,FMSTAR,NTABLE)
WL=(SIN(ALPHAL)#CCS{ALPHAL))/(1546.336/(FMWL#TT78.)%0GL)
GR=PLTN(FMSR,GAMMA, FMSTAR,NTABLE)
FMWR=PLTN(FMSR,FMW,FMSTAR,NTABLE)
WR=(SIN(ALPHAR)*COS(ALPHAR))}/(1546.336/(FMWR®T7Tb.)*uR)
XETAL=SIN (ALPHAL)/COS (ALPHAL)

XETAR=SIN (ALPHAR)/COS (THETAR-ALPHAR)

DN=( (XN-XR)#SIN (ALPHAR))/CUS (THETAR-ALPHAR)

DW ={SSR-SSL)/{ {XN=XL) #XETAL+{XN-XR)#XETAR)
SSN=SSR-DwW#*DN

FMSN = (2.%THETAR+HL#FMSL+2.#HR#FMSR+2. #BETAR®{XN=XR) )/ (HL+2.#HR)

1+ ((SSL-SSN)#WL+2.#WR*®(SSR-SSN) )/ (HL+2.%HR)
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE CASE 2

THETAN = HL*(FMSN-FMSL)/2.-WL*(SSL-SSN)/2,
IF {(FMSN .GT. 1.0) GO TO 30

IF (FMSR .GT. FMSL) GO TO 31

FMSN = FMSL

THETAN = THETAL

G0 TU 30

FMSN = FMSR

THETAN = THETAR

IF (FMSN +GT. FMSTAR(NTABLE) .0OR. FMSN .LE. l.) GO TO 104

FMN = PLTN{FMSN,FMVEC,FMSTAR,NTABLE)

ALPHAN = ATAN(SWRT(1ls/{FMN#FMN-1.)))

FLAMN = TAN{THETAN+ALPHAN)

FLAMNP= TAN{(THETAN—-ALPHAN)

HN = 1o/{TAN{ALPHAN)#FMSN)

BETAN = SIN(THETAN)#«SIN(ALPHAN)/(YN#SIN(THETAN+ALPHAN))
BETANP= SIN(THETAN) «SIN(ALPHAN)/(YN*CCS(THETAN-ALPHAN))

FLAMLN {FLAMDL + FLAMN)/2.

FLAMRN

(FLAMDR + FLAMNP)/2.

HLN

]

{(HL + HN)/2.

HRN

{HR + HN)/2.

BETALN (THETAN/YN + BETAN) / 2.

BETARN

"

{BETAR + BETANP)/Z2.

XN (YR+FLAMLN#XL—FLAMRN#*XR)/ (FLAMLN-FLAMRN)

YN FLAMLN®*(XN-XL)

XETAN=SIN (ALPHAN)}/COS (THETAN+ALPHAN)
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE CASE 2

XETANP=SIN (ALPHAN)/COS (THETAN-ALPHAN)
XETANL=(XETAL+XETAN)/2.

XETANR={XETAR+XETANP)/2.

GN=PLTN(FMSNsGAMMA, FMSTARysNTABLE)

FMWN=PLTN(FMSN,FMW, FMSTAR,NTABLE)

WN=(SIN (ALPHAN)=*COS (ALPHAN))/(1546.336/(FMWN®TT8,)=GN)
WLN=(WL+WN)/2.

WRN={WR+WN) /2.

DNN={XN-XR) #*XETANR

DWN= (SSR-SSL)/{ (XN=XL)*XETANL+{XN-XR)#XETANR)
SSN=SSR-DWN#*DNN

FMSN = (THETAR+HULN#FMSL+HRN*FMSR-BETARN® ( XR—-XN)+BETALN#YN)/

{HLN+HRN) + (WRN#(SSR-SSN) +WLN#(SSL-SSN) )}/ (HLN+HRN)

THETA HLN# (FMSN—-FMSL) — BETALN#YN-WLN#(SSL-SSN)

DELTA THETA - THETAN

IF (ABS({DELTA) .LE. Ll.E-O7) o0 TU 10
IF (ICOUNT .LE. 1) GO TO 60

IF (ABS{DELTA) .GE. ABS(DELT)) GO TO 70

XT = XN
YT = YN
SST=SSN

THETAT = THETAN
FMSNT = FMSN

DELT = DELTA

70 THETAN = THETA
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE CASE 2

IF (ICOUNT .GE. 50) GO TO 104
ICOUNT = ICOUNT + 1
GC TC 30

104 XN = XT
YN = YT
SSN=5ST
THETAN = THETAT
FMSN = FMSNT
DELTA = DELT

10 RETURN
802 CALL DuMP

END
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE CASE 3

SUBROUTINE TO CALCULATE A NEW PUINT ON THE AXIS OF SYMMETRY

SUBROUTINE CASE3(XR,YRyFMR, THETAR, XNg YNy FMSN, THETAN,
1 NTABLE,DELMN, JCOUNT,SSN,SSR)

COMMUN FMVEC,FMSTAR,SFIELD

COMMON/WAYN/ FMiW,GAMMA

COMMON /XJR/ NSONE

DIMENSION FMW(&0),GAMMA(80)

DIMENSICN FMVEC(80), FMSTAR(80) ,SFIELD(3,60)

TAN(X) = SIN(X)/COS(X)
ICOUNT = 1

DELT = 0.

YN = 0.

THETAN = 0.

IF (FMR .GT., 1.0) GO TO 32

WRITE (6,666) XR, YR, FMR,SSR

666 FORMAT (1H1,10X,35HERROR MESSAGE, FMR IS LESS THAN UNE//

1 11X,4F12.7)

GO TO 803
FMSR = PLIN(FMR,FMSTAR,FMVEC,NTABLE)

ALPHAR

ATAN(SQRT(1le/(FMR®*FMR-1.)))

FLAMDR TAN{THETAR-ALPHAR)

HR = 1./(TAN(ALPHAR)#FMSR)

BETAR = SIN(THETAR)#SIN(ALPHAR)/(YR*COS(THETAR-ALPHAR))
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE CASE 3

XN = XR - YR/FLAMCR

GR=PLTN(FMSR,GAMMA,FMSTAR NTABLE)
FMWR=PLTIN(FMSR,FMW,FMSTAR,NTABLE)

WR=(SIN (ALPHAR)#CUS (ALPHAR))/(1546.336/(FMWR#778,)#GR)
SSN=SFIELD{1,NSCNL)
FMSN=(THETAR+HR*FMSR+BETAR*(XN-XK))/HR+UR'(SSR-SSN)/HR

IF (FMSN +GT. FMSTAR(NTABLE) .OR. FMSN .LE. 1l.) GO TO 104
FMN = PLTN(FMSN,FMVEC,FMSTAR,NTABLE)

ALPHAN

ATAN(SQRT( Lo/ {FMN2FMN=1.)))

FLAMNP TAN(THETAN=-ALPHAN)

HN = 1./{TAN{ALPHAN)*FMSN)

FLAMRN = (FLAMDR + FLAMNP)/Z2.

HRN = {(HR + HN}/2.

BETAN = TAN{ALPHAN) #«THETAR/YR

BETARN = (BETAR + BETAN)/2.

XN = XR - YR/FLAMRN

GN=PLTN(FMSN,GAMMA, FMSTAR,NTABLE)

FMWN=PLTN(FMSN,FMW, FMSTAR,NTABLE)

WN=(SIN (ALPHAN) #COS (ALPHAN))/(1546.336/(FMWN*#T7T8.)%*GN)
WRN={WR+WN) /2.

SSN=SFIELD(1,NSONE)

FMSNS={ (THETAR+HRN*FMSR+BETARN®* (XN=XR))/HRN) +WRN#(SSR-S5SN) /HRN
DELMN = FMSNS - FMSN

IF (ABS(DELMN) .LE. 1.E-C7) GU TO 10

IF (ICOUNT .LE. 1) GC TO 60
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FORTRAN IV PROGRAM LISTING DOF SUBROUTINE CASE 3

IF (ABS(DELMN) .GE. ABS(DELT)) GO YO 70

60 XT = XN
YT = YN
SST=SSN

THETAY = THETAN
FMSNT = FMSN

DELTY DELMN

70 FMSN FMSNS

IF (ICOUNT .GE. 50) GO TO 104
ICOUNT = ICOUNT + 1
GO T0 30

104 XN = XT
YN = YT
SSN=SST
THETAN = THETAT
FMSN = FMSNT
DELMN = DELT

10 RETURN
803 CALL Duwmp

END
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE CASE 4

SUBROUTINE TO CALCULATE A NEwWw PUINT ON THE NOZZLE CuUNTOUR

SUBRUUTINE CASE4(XL,YL,FML,THETAL,NCT, XL YCH4RT,

1 NTABLEJRNXLoXNLyRNX29XN2yRPX1yXPLyRPX2,XP2,RPX33XP3yN,

2 ANg¥YNyFMSNy THETANyDELMN, ICOUNT,SSN,SSL)

COMMUON FMVEC,FMSTAR,SFIELD

COMMON/WAYN/ FMW,GAMMA

DIMENSION FMW(80),GAMMA(80)

DIMENSION FMVEC(80), FMSTAR(GS0),

l,SFIELD(3,60}

TAN{X) = SIN(X)/COS(X)

NP1

NP2

ICCUNT =1

FMSNT

IF

= 50.0

{(FML .GT. 1.C) 60 T0 102

WRITE

(6,666) XL,y YLy FML,SSL

666 FORMAT (1H1,10X,35HERROR MESSAGE,

1 11X,4F12.7)

GO TU 804

102 ALPHAL = ATAN(SGRT(l./(FML=FML-]1.

BETAL

FMSL

HL

= SIN{(THETAL)*SIN(ALPHAL)/(

XC(250), YC(250), FrMTRIX(8,9)

FML IS LESS THAN UNE//

)))

YL*SIN(THETAL+ALPHAL) )

= PLTN{FML,FMSTAR,FMVEC,NTABLE)

1./{TAN(ALPHAL)#FMSL)
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HLN = HL

BETALN = BETAL

FLAML = TAN(THETAL+ALPHAL)
FLAMLN = FLAML

SSN=SFIELD(1,41)
GL=PLTIN{FMSL,GAMMA,FMSTAR,NTABLE)
FMWL=PLTN(FMSL ,FMW,FMSTAR,NTABLE)

WL={SIN [ALPHAL)#COS (ALPHAL))/{1546.336/(FMWL*TT8.)eGL)

WLN=WL
155 AS = FLAMLN
8S = - 1.
CS = YL - XL#FLAMLN

KR =1
245 GO TO (205,215,225,235,240), KR

205 RC = RNX1

CXL = XNl
CXR = XN2
GO TG 250

215 RC = RNX2

CXL = XN2
CXR = 0.
GO 70O 250

225 RC = RPX1

XL 0.

CXR XP1l
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GO TG 250

235 RC = RPX2

CXLt = XPl
CXR = XP2
GG TO 250

240 RC = RPX3

CXL = XP2
CXR = XP3
250 Y1 = RT + RC
Al = AS=®AS + BS+#8S
Bl = 2.#(BS*CS — Y1#AS#AS)
Cl = AS#AS#YlxY]l + CS#CS - AS#AS*RC#RC

IF (Bl=Bl-4.#A1=%C1l) 255, 10, 15

10 YN = -B1/(2.%Al)
XN = —(BS#YN + CS)/AS
60 7O 270

15 YN = (=Bl — SQRT(Bl#Bl-4.#AlxC1))/(2.%Al)
XN = —(BS#YN + CS)/AS

270 IF (XN-CXxL) 271, 140, 260
260 IF (XN-CXR) 140, 140, 255
255 IF (KR=5) 265, 5, 5
265 KR = KR + 1
GO TU 245
5 NC = NCT -1

DO 30 I = 1, NC
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE CASE 4

SLCPE = (YC(I+1)=-YC(I))/(XCUI+1)-XC(I1))
XN = —(BS#YC(I)-SLOPE#BS#XC(I)+CS)/(AS+BS#SLOPE)
IF (XN - XC(I+1)) 35, 40, 30
35 IF (XN - XC{I1)) 30, 45, 57
40 XN = XClI+1)
YN = YC({I+])
K =20
GO 10 50

45 XN = XC(I)

YN = YC(I)
K =20
GO0 70 50

30 CONTINUE
I = NC

57 K = 1

S0 CALL POLYU(XCsYCy I oNyNCT,FMTRIX)
IF (K) 198, 198, 73
73 X = XC(1)
IK = 0
130 KCOUNT = NP1
YN = FMTRIX(NP1,NP2)
83 KCOUNT = KCOUNT -1
IF (KCOUNT) 81, 81, 82
82 YN = YN ¢+ FMTRIX{(KCOUNT,NP2) * X##{NP1-KCOUNT)

GO 70 83
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FORTRAN 1V PROGRAM LISTING OF SUBROUTINE CASE 4

81 XN = - (BS#¥YN + CS) / AS
IF (XN - 1.) 246, 246, 247
246 DELTAX = XN - X

GO 70 248

247 DELTAX (XN — X)/XN
248 IF (ABS(DELTAX) oJLE.1l.E-06.0R.1K.GE.10) GO TO 198
X = XN
IK = IK + 1
GO TO 130
198 KCOUNT = N
SLOPE = FMTRIX(N,NP2)
86 KCOUNT = KCOUNT - 1
IF (KCOUNT) 84, 84, 85
85 SLOPE = SLOPE + FLOAT(NPL-KCOUNT) * FMTRIX(KCOUNT,NP2) =
1 XN##{N-KCOUNT)
GO TO 86
84 THETAN = ATAN(SLOPE)
60 TG 193
140 THETAN = ATAN(XN/{Y1l-YN))
193 FMSN = (THETAN - THETAL-BETALN=(YL-YN))/HULN+FMSL+{WLN#{SSL~SSN))/H
ILN
IF (FMSN «GT. FMSTAR(NTABLE) .OR. FMSN .LE. 1.0) GO TO 160
FMN = PLTN(FMSN ,FMVEC,FMSTAR,NTABLE)
ALPHAN = ATAN{SWRT(l./(FMNsFMN-1.)))

FLAMN = TAN{(THETAN + ALPHAN)
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FORTRAN ]V PROGRAM LISTING OF SUBROUTINE CASE 4

HN = 1./(TAN(ALPHAN)=FMSN)
BETAN = SIN(THETAN)#*SIN(ALPHAN)/(YN#SIN(THETAN+ALPHAN))
FLAMLN = (FLAML+FLAMN)/2.

HLN (HL + HN)/2.

BETALN = (BETAL+8ETAN]}/2.
GN=PLTN({FMSN,GAMMA, FMSTAR,NTABLE)
FMWN=PLTN{FMSN,FMW,FMSTAR,NTABLE)
SSN=SFIELD(1,1)
WN={ SIN (ALPHAN)« COS(ALPHAN))/(1546.336/(FMWN+TT78.)%GN)
WLN={WL+WN) /2.
DELMN = FMSN — FMSNT
IF (ABS(DELMN) .LE. l.E-07 .0R. ICOUNT .GE. 50) GO TO 160
ICOUNT = ICOUNT + 1
FMSNT = FMSN
GO TO 155
160 RETURN
271 WRITE (6,698)
698 FORMAT (1H1,10X,43HTHE X-COORDINATE OF THE IMPUT POINT [S TOO ,
1 18HSMALL——-DATA ERROR)
804 CALL DuwmP

END
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SUBROUTINE FOR CALCULATING NOZZLE PERFORMANCE BY INTEGRATING

ALCNG STARTING LINE AND NOZZiLt CONTOUR

SUBROUTINE PERFOR(XSAUER,YSAUER,FMSAUR,THETAS, XWALL y YWALL »PWALL,
1 PyT,GAMMA,FMW, NTABLE yNSONE s JLASTy Ny PA,PCyRTy XNLTH, YEXIT)
COMMON FMVEC

DIMENSION XSAUER(60), YSAUER{60), THETAS(60), FMSAUR(60),

1 XWALL{250), YWALL(250), PWALL(250), P(80), T(80), FMW(BO),
2 GAMMA(80), FMVEC(80), FMTRIX{8,9), PUSHSW(250)

PI = 3.1415926536

NP2 = N + 2

NSMONE = NSONE - 1

INTEGRATING ALONG THE INITIAL VALUE CURVE

FLOW 0.

PUSH o.

DO 5 1

1, NSMUNE

THETAV (THETAS(I)+THETAS(L+1))/2.

THETAN

ATAN ({XSAUER{I)=XSAUER(I+1))/({YSAUER{I+1)-YSAUER(I)))

THETAT THETAN - THETAV

Pl

PLTN(FMSAUR{I)+P,FMVEC,NTABLE)

P2

PLTN(FMSAUR(I+1),P,FMVEC,NTABLE)

PS (Pl + pP2)/2.

it
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE PERFOR

Tl = PLIN(PY,T,P,NTABLE)

T2 = PLIN(P2,T,P4NTABLE)

TS = (Tl + T2)/2.

Gl = PLTIN(P1,GAMMA,P,NTABLE)
G2 = PLTN(P2,GAMMA,P,NTABLE)
GS = (61 + G2)/2.

FMWl = PLTN(PL1,FMW,P,NTABLE)
FMW2 = PLTN(P2,FMW,P,NTABLE)
FMWS = (FMW1l + FMwW2)/2.

Cs SQRT (32.174#GS5#1546.3364TS/FMUWS)

VS = CS ® (FMSAUR(I)+FMSAUR(I+1))/2.
RHU = 144.0 ® PS @ FMWS /(1546.336 ® TS)

DA Pl ® {YSAUER(I+1)##2 — YSAUER(I}#«2) / COS(THETAN)

DA

ABS(DA)

VN = VS ® COS(THETAT)

FLOW = FLOW + DA#RHU®VN / 144.0

PUSH = PUSH + DA#(PS#COS{(THETAN) + RHU#VN#VS#COS(THETAV)/

1 (144.0#32.174))

5 CONTINUE
PUSH = ABS{PUSH)
FLOW = ABS(FLOW)

INTEGRATING ALONG THE NOZZLE CONTOUR

PULSE 0.
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE PERFOR

DO 104 J = 2, JLAST
I =J-1

CALL POLY(YWALL,PWALL,IsNyJLAST,FMTRIX)

KCOUNT = NP2
KCOUNT = KCGQUNT - 1
POWER = NP2 = KCOUNT + 1

IF (KCOUNT) 112, 112, 132

PULSE = PULSE + FMTRIX(KCOUNT,NP2) ® (YWALL(J)®#=POWER -
1 YWALL({J-1)#*#POWER) / POWER

GO 70 130

PUSHSW(J) = 2.#PI#PULSE + PUSH -~ PA=*PI#YWALL(J)#YWALL(J)

CCNTINUE
IF (XWALL(JLAST)=XNLTH) 116, 116, 117
PUSHSW({JLAST) = PUSHSW(JLAST-1) + (PUSHSW(JLAST)-PUSHSW(JLAST-1))

1 #(XNLTH-XWALL(JLAST—1))/(XWALL{JLAST)-XWALL(JLAST-1))

XWALL(JLAST)

XNLTH

YWALL{JLAST) YEXIT

WRITE 16,641)

FORMAT (1H1,10X,47HPERFORMANCE BY INTEGRATING ALONG NOZZLE CONTOUR
1 15H AT WALL POINTS//19X,1HX,12X,1HY,12Xy6HTHRUST, 7X,

2 11HSP. IMPULSE,9X¢2HCF/17X,5H(INS),8Xy5H{IN.) 10Xy 6H(LBF.),6X,

3 13H(LBF-SEC/LBM)//)

DO 151 J = NSONE, JLAST

SPIPLS = PUSHSW(J) / FLOW

CF = PUSHSW(J)/ (PC#PI#RT#RT)
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE PERFODR

151 WRITE (6,642) XWALL{J), YWALL(J), PUSHSW(J), SPIPLS, CF

642 FORMAT (1HO,10X,2F13.7,F18.742F14.7)
WRITE (6,636) FLUMW

636 FORMAT (//1HO,10X,39HMASS FLOW RATE BY INTEGRATING ALONG THE
1 14H STARTING LINE//12X,11HFLOW RATE =,F13.7,8H LBM/SEC)
WRITE (6,637)

637 FORMAT (1HO)
RETURN

END
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE SAUER

SUBRQUTINE SAUER(RNX24RT,G,NSONE,)XSAUER, YSAUER, THETAS,FMSAUR,
1SSAUER)

DIMENSION XSAUER{60), YSAUER(60), THETAS{60), FMSAUR(60),55AUER(60
1)

R = RNX2/RT

SIGMA = SQRT(2./7((G+1l.})=R))

EPS

0.125 * SURT(2.#(G+1.)/R)

FMS le - SIGMA ® EPS + 0.25#(G+1.)*SIGMA«SIGMA

FMSAUR(1) = SQRTI(2.0#FMS#FMS/(G+1.))/(1e=(G=1.)*FMS2FMS/(G+1.)))
ALPHA = ATAN({SQRT(1l./{FMSAUR(1)#FMSAUR(1)-1.)))

PHI = 3.1415926536/2. = ALPHA

DELU = 0.15

X0 = DELU/SIGMA + EPS

BETA = ATAN(XO)

IF (PHI .GT. BETA) GU TO 14

DELU = DELU - 0.0l

WRITE(6,600)X0,FMS, FMSAUR(1),ALPHA,PHI,BETA

IF(DELU-0.11)15,16,416

XSAUER(1) = O.
YSAUER(1) = 1.
THETAS(1) = O,

SSAUER(1)=1.
DELY = 1./(FLOAT(NSCNE)-1.)
DO 20 I = 2, NSONE

YSAUER(I) = 1. —(FLOAT(I)-1.)#DELY
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE SAUER

XSAUER(I) = XO#(l.—-YSAUER(I))

U SIGMA#® ( XSAUER(I)-EPS) + 0.25#(G+1.)*SIGMA*SIGMA«YSAUER(])»#2

v 0.5%#{G+1.)#SIGMA#SIGMA# { XSAUER(I)-EPS)*YSAUER(I) +

1 (G+1.)#(G+1.)*SIGMA#SIGMA=SIGMAsYSAUER(I)#YSAUER{I)=#2/16.
XMS = SQRT((l.+U)#(1.4U)+VeV)

FMSAUR(])

SQRT{(2.0#XMS#XMS/(G+1.))/(1le=(G-1.)#XMS#XMS/(G+1.)))

THETAS(I)

ATAN(V/(1.+U))
SSAUER({I)=1.
20 CONTINUE

YSAUER (NSONE) O.

THETAS(NSONE) O.
DO 25 1 = 1, NSONE

XSAUERL])

XSAUER(I) e RT

YSAUERII) YSAUER(I) o RTY

25 CONTINUE
RETURN
15 WRITE (6,600) XO,FMS,FMSAUR(1),ALPHA,PHI,BETA
600 FORMAY (1HO,10X,6F12.7)
CALL EXIT

END
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FORTRAN 1V PROGRAM LISTING OF SUBROUTINE PRUPTY

SUBROUTINE TG CALCULATE DIFFERENT THERMUODYNAMIC PROPERTIES

SUBROUTINE PROPTY(FMSN, T,FMW,GAMMA, NTABLE PNy TN,
1 VN RHUN,FMN,SSN,PC,PON)

COMMON FMVEC,FMSTAR

DIMENSICN P(80), T{BGC), FMW(8C), GAMMA(BO0), FMVEC(Bu), FMSTAR(8U)
TN = PLTN(FMSN,T,FMSTAR,NTABLE)

FMN = PLTN{FMSN,FMVEC,FMSTAR,NTABLE)

GN = PLTN(FMSN,GAMMA,FMSTAR,NTABLE)

FMWN = PLTN(FMSN,FMW,FMSTAR,NTABLE)

PON= PC/ EXP{{SSN-1.)/(15464336/(FMWUN®TT8,.)))

PN= PON/{ 1.+(GN-1.)/2.%#FMN#FMN) % (GN/(GN~1.))

CN SQRY(32.174#1546.336%GN*TN/FMWN)

VN = CN = FMN
RHUN = 144.0 = PN ® FMWN / (1546.336 = TN)
RETURN

END
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE THERMO

SUBROUTINE FOR CALCULATING THERMODYNAMIC DATA FOR FROZEN FLOW

SUBROUTINE THERMU(NTABLEsGyWoPCoTCyP,T,FMW,GAMMA,FMVEC,FMSTAR,

1 CSTAR)

DIMENSION P(80), TI(BO), FMVEC(80),FMSTAR(B0), FMW(BO0O), GAMMA(B0)
DELM = 0.1

DO 92 1 = 1, NTABLE

FI =1

FMVEC(I) = 1.0 + DELM = (FI-1l.)

FMSTAR(I) = SQRT{0.5#(G+1.)«FMVEC(I)&FMVEC(I)/(1.40.5%(G-1.)+

1 FMVEC(I)«FMVEC(I1)))

T{I) TC / (1.40.5#(G-1.)#FMVEC(I)*FMVEC(I))

PC / (1.40.5%(G-1.)*FMVEC(I)=FMVEC(I))®=(G/(06-1.))

P(1)
GAMMA(I) = G

FMW(IL) = W

CONTINUE

CSTAR = SQRT(32.174%1546.336%G#T(1)/W)
RETURN

END
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE PLTIN

SUBROUTINE TG PERFORM LINEAR INTERPOLATION BETWEEN [HERMCDYNAMIC

DATA

FUNCTION PLIN(FM,FM1,FM2,NTABLE)

DIMENSION FM1(8C), FM2(80)

IF (FM2(1l)-FM2(NTABLE)) 230, 230, 235

DO 240

I = 1, NVABLE

IfF (FM2(I) - FM) 35, 30, 240

240 CONTINUE

I = NTABLE

50 WRITE (6,600) FM, FML1(2), FM2(2)

600

230

10

35

45

30

40

FORMAT | 6Xy44HVALUE BEYOND TABLE LIMITS, EXTRAPOLATVIOUN WAS,
1 15H PERFORMED =--- 43F15.7)

GO TC 30

DC 10 I = 1, NTABLE

IF {FM2{(I} - FM) 10, 30, 35

CONTINUE

I = NTABLE

GO TC 50

IF (1 - 1) 45, 45, 30

I = 2

GG TO 5S¢0

PLTN =

RETURN

END

(FMI(I)=FML{I=-1) )= (FM=FM2(I-1))/(FM2(I)=-FM2(I-1))+FML(I-1)
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE STREAM

SUBROUTINE FOR CALCULATING STREAM LINES TO FEED INTU S$SC-4020

PLOTTER

SUBROUTINE STREAM{XFIELDyYFIELDFMSFLDyTHETAVsK,NSONE,XSTR,YSTR,
1 THSTRyNTOTALNROW)

DIMENSICN XFIELD(3,460), YFIELD(3,60), FMSFLD(3,60), THETAV(3,60),
1 XSTR(60)y YSTR(60)s THSTR(60), NROW(3)

TAN (X) = SIN (X)/COS (X)

YTEST = 10. ® YFIELD(3,1)

N = NROW(3) - 1

JSTART =1

NMONE = NSONE - 1

KI = -1

DO 5 J = 2, NMONE

IF (XSTR(J) + YSTR(J) + THSTR{J)) 29, 28, 29

IF (K) 10, 10y 25

IF (K1) 20, 25, 45

YNEW = YSTR{J) + TAN (THSTR(J))*(XFIELD(3,1)-XSTR(J))

IF {YNEW - YFIELD(3,1)) 30, 30, 35

WRITE (1) XSTR(J), YSTR{J), XFIELD{(3,1), YNEW

NTOTAL = NTOTAL + 1

XSTRLJ) XFIELDI3,1)

YSTR{J) YNEW
THSTR(J) = THETAVI(3,1)

YTEST = YNEW
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FORTRAN 1V PROGRAM LISTING OF SUBROUTINE STREAM

GG TO0 5
30 K1 =0
25 DO 50 Jl1 = JSTART, N
IF (FMSFLD(3,J1+1)) 28, 28, 7
7 XNEW =((YSTR{J)=YFIELD(3,J1)=XSTR(J)#TAN (THSTR(J)) )+
1 (XFIELD(3,J1+1)~XFIELD(3,J1))+XFIELD(3,J1)«(YFIELD(3,J1+1)-
2 YFIELD(3,J1) )}/ (YFIELD(34J1+1)=YFIELD(3,J1)-TAN(THSTR{J))*
3 (XFIELD(3,J1+1)~-XFIELD(3,J1)))
YNEW = YSTR{J) + TAN [THSTR(J)) #(XNEW-XSTR(J)})
IF (YNEW — YFIELUL(3,J41)) 8, 9, 19
8 IF (YNEW - YFIELD(3,J1+1)) 50, 9, 9
9 IF [YNEWw — YTEST) 16, 194 19
16 WRITE (1) XSTR{J)y YSTR{J)}y XNEW, YNEW
NTCTAL = NTOTAL + 1

XSTR(J) XNEW

YSTR(J) YNEW

i

YTEST = YNEW
THSTR(J) = THETAV(3,J1+1) + (THETAV(3,J1)-THETAV(3,J1+1))%{YNEW-
1 YFIELD(3,J1+1))/(YFIELD(3,J1)-YHIELD(3,J1+1)) |
GO TG 12
50 CONTINUE
KI =1
IF (K) 45, 45, 51
12 JSTART = Jl

GO TG 5
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE STREAM

YNEW = YSTR{J) + TAN (THSTR(J))=#(XFIELD(3,N+1)-XSTR(J))
IF (YNEW) 46, 47, 48

WRITE (1) XSTR{J)s YSTR{J), XFIELD(3,N+1), YNEW

NTOTAL = NTOTAL + 1

XSTR(J)

XFIELD(34N+1)

YSTR({J) YNEW

THSTR(J) = THETAV{3,N+1)

YTEST = YNEW

CONTINUE

RETURN

Ju = J + 1

WRITE (6,603)J, JU

FORMAT (1H ,3X,12,5H AND ,12,26H TH STREAMLINES CROSS OVER)
DO 21 I = J, NMONE

XSTR(1) = C.

YSTR(I) = 0.

THSTR(I) = 0.

RETURN

WRITE(6,601)

FORMAT (1H ,10X,36HSTREAM LINE CROSSES AXIS OF SYMMETRY)
RETURN

WRITE(64602)

FORMAT (1H ,10X,20HSTREAM LINES OVERLAP)

RETURN

END
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FURTRAN IV PROGRAM LISTING OF SUBROUTINE POLY

c
C SUBRUGUTINE TO FIT AN NTH ORDER PULYNOMIAL. N =1 TO 7
C
SUBROUTINE POLY(XCsYCoLyNyNCT,FMTRIX)
DIMENSICN XC{250), YC(250), FMTRIX(8,9)
NPL = N + 1
NP2 = N + 2
c
c PICK UP PROPER POINTS FOR CURVE FITTING
c
IF (L .GT. N/2) GO TG 60
NI =1
GO TO 145
60 IF (L oGEs NCT + (N—-1)/2) GO TO 65
NI =L - N/2
GO TO 145
65 NI = NCT — N
C
C DEFINE CCEFHICIENTS OF THE SIMULTANEOUS EQUATIONS
145 DO 160 I = 1, NP1
DO 105 J = 1, N

105 FMTRIX(I,J) = XC(NI)*#(NP1-J)

FMTRIX{I,NPL) l.

FMTRIX(I4NP2) YCINI)
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE POLY

NI = NI + 1

TEST IF ANY COEFFICIENT ON THE PRINCIPAL DIAGONAL IS ZERU

DOSI=1|N
IF (FMTRIX(I,!) .EQ. 0O.) GO TO 10
CONTINUE

GO TG 15

INTERCHANGE THE EQUATION WHERE THE COEFFICIENT ON THE PRINCIPAL

DIAGONAL IS ZERO WITH THE LAST EQUATION

D0 20 J = 1, NP2

TEMP = FMTRIX(I,J)
FMTRIX{I9J) = FMTRIX(NP1,J)
FMTRIX(NPlyJ) = TEMP

CONTINUE

USE JORDANS ELIMINATION METHOD TO SOLVE THE SIMULTANEOUS EQUATIDNS

DO 110 K l, NP1

Kl = K + 1

DO 115 Kl, NP2

FMTRIX(K,yJ) FMTRIX(KyJ)/FMTRIX(K4K)

FMTRIX{K,K) 1.
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE POLY

DO 110 I = 1, NP1
IF (1 - K) 130, 110, 130
130 DC 120 J = K1, NP2

120 FMTRIX(1yJ)

"

FMTRIX(I g J)=FMTRIX({IK)#FMTRIX(KyJ)

FMTRIX(IysK) G.

110 CONTINUE
RETURN

END
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE TEST

SUBROUTINE TEST(XRyYRsXLyYL o XNy YNyXP,YP,ITEST)

DIMENSION X(4), Y(4)

ITEST = 0
X{1) = xp
Y(1) = YP
X{4) = XN
Y(4) = YN

IF (YN .GT. YL) GO TO 5
IF (XN +LE. XL) GO TO 15
GO 10 10

5 IF (YN «LT. YR) GO TO 10
IF (XN .LE. XR) GG TO 20
G0 1O 10

15 WRITE (6,600)

600 FORMAT (4X¢39HTWO RIGHT RUNNING CHARACTERISTICS CROSS)

ITESY = 1
X{2) = XL
Y(2) = YL
X{3) = XR
Y(3) = YR
GO TO 25

20 WRITE (6,605)
605 FORMAT (4X,38HTWO LEFT RUNNING CHARACTERISTICS CROSS)
ITEST = 2

X(2) = XR
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE TEST

Y{2) = YR
X{3) = XL
Y{3) = YL

25 SLOPELl= (Y(2)-Y(1))/7(X{2)=X(1))
SLOPEZ2 = (Y(4)=Y(3))/{X(4)=X(3))

XS

(Y(1)=Y(3)-SLOPEL*X(1)+SLOPL2#X(3))/(SLOPE2-SLUPEL)

L]

YS Y({1) + SLUPEL *= (XS5-X(1))
WRITE (6,4610) XP, YP, XR, YRy XL, YL, XN,y YN

610 FORMAT (3X'4HXP =.F10.5,2X,4HYP =,F10.5,2X.4HXR =9F10.5|2X'

1 4HYR =’F100512X,4HXL =,Fl0o5'2Xy4HYL =,F10-592X14HXN =9F10059
2 2X34HYN =,F10.5)
10 RETURN

END
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE SHuUCKI

SUBROUTINE FOR COMPUTING SHOCK WAVES.

SUBROUTINE SHOCKL(P,T.FMW,GAMMA,PC, NTABLE,CSTAR,XFIELD,
1 YFIELD,FMSFLDsTHETAVsNROWyJ9J13J24J3,J11,313, ITEST, ISHOCK,XSHOCK,
2 YSHOCK 4 FMSHOK ¢ TSHOCK 9 XMUSHK EPS)

COMMON FMVEC,FMSTAR,SSS4SSHOCK

COMMON/CAL/ KENTRO

DIMENSION XFIELD(3,60), YFIELD(3,60), FMSFLD(3,60), THETAV(3,60),
1 NROW(3)s P(80), T(80), FMW(80), GAMMA(80), FMVEC(8U), FMSTAR(8O),
2 THBL1(3)s T11(3), XMU4(3), FMTRIX(8,9), XSHOCK(100)s YSHOCK(100),
3 TSHOCK(100), FMSHOK(100), XMUSHK(100), EPS(100)
14555{3,60),SSHCCK(100)

TAN(X) = SIN(X)/COS(X)

DELTA = 2. / 57.3

IF (ISHCCK .GT. 0) GO TO 10

Xl = XFIELD(1,J1)

Y1 = YFIELD(1,J1)

$S1=5SS(1,41)

FMS1 = FMSFLD(1,J1)

FM1 = PLTN(FMS1,FMVEC,FMSTAR,NTABLE)

TH1 = THETAV(1l,J1)

ALP1 = ATAN(SQRT(1l./(FM1#FMi=1.)))
XMUl = TH1 - ALPl
J2 = Jl + 1
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FORTRAN [V PROGRAM LISTING OF SUBROUTINE SHUCKI

J3 = J + 1

J1l1 = Jl

J13 = J1 - 1

X12 = XFIELDI(2,J)

Y12 YEIELD(2,4J)

$§512=5S5(2,J)

FMS12 = FMSFLD(2,J)

TH12 THETAV(2,J)
EPS1 = 0.9
GC TC 15

X1 XSHOCK { ISHOCK)

Yl YSHOCK{ ISHOCK)

SS1=SSHCCK ({ ISHUCK)
FMS1 = FMSHOK(ISHOCK)

FM1

li

PLTN(FMS1,FMVEC,FMSTAR,NTABLE)

TH1 TSHUCK ( I SHUCK)

XMUL1l = XMUSHK({I1SHGCK)

X12 = Xl
Yiz2 = Yl
5512=551

FMS12 = FMSI1

TH12 TH1

EPS1 EPS{ISHOCK)

X2 = XFIELC(1,J2)

Y2

YFIELD(1,J2)
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$82=585(1,42)

IF (Y2 .EQ. 0.) GO TO 60
FMS2 = FMSFLD(1,J42)

TH2 = THETAV(1,42)

X3 XFIELD(2,443)

Y3 YFIELD(2,J3)

$§83=55512,J43)

FMS3 = FMSFLD(2,J3)
TH3 = THETAV{(2,J43)
X13 = XFIELD(3,J13)
Y13 = YFIELD(3,J13)
$S13=5585(3,J13)

FMS13 = FMSFLDI(3,J13)

TH13 THETAV(3,J13)

FM12 PLTN(FMS12,FMVEC,FMSTAR,NTABLE)

ALP12 = ATAN(SQRT(l./(FM12#FM12~-1.)))
WRITE (6,601) X12,Y12,TH12,FMS12,X13,Y13,TH13,FMS13,5512,53513
IF (FMS2 .EQ. O. .0OR. FMS3 .EQ. O. «OR. FMS13 .EQ. vU.) GG TO 60

XMU1l

"

XMUl + DELTA

72 XMUl XMUl - DELTA
T1 XMU4(1)= XMUl

XMU4(2)= XMUl - DELTA

XMU4({3) = XMU4(Z2) - DELTA
N =3
50 DO 20 K = 1, N

123



FORTRAN IV PROGRAM LISTING OF SUBROUTINE SHUCKI

FMU4

it
‘

AMU4 (K)

FLAM

!

(TAN(XMUL) + TANIFMU4))/Z.
B = ((Y1l-Y2)-(X1=X2)#FLAM)/((Y3-Y2)=(X3-X2)*FLAM)

X4 X2 + B#{X3-Xx2)

Y4 Y2 + Bx(Y3-Y2)
§54=5S2+B#(553-552)
TH4 = THZ + B#(TH3-THZ2)

FMS4 = FMS2 + B*{FMS3-FMS2)

X1l = X4
Y1l = Y4
CALL SHUCKI(P,TyFMW,GAMMA,PC, NTABLE ,FMS4, TH4,FMU4,EPS],

1 EPS11,FMS11,TH11,CSTAR,S554,5511)

FM11l = PLIN(FMSL11,FMVEC,FMSTAR,NTABLE)

ALPLlL = ATAN(SQRT{l./(FMLl#FM11-1.)))

TIL{(K) = TH11

WRITE (6,601) X4, Y&, TH4, +M54, FMS11, FM1ll, ALPll, EPS11,S554

TH141 TH11

ALPl4 ALP11

DC 25 1 = 1, 25

ETA (TAN{TH141-ALPL14)+TAN(THLL1-ALP11)) /2.

G = ((Yll-Y12)-(X11-X12)=*ETA)/{(YL3-Y12)~-(X13-X12)#tTA)

Xla X1l2 + G #* (X13-X12)

Y14 Y2 ¢+ G # (Y13-Y12)
$S14=5S512+G*{S513-5512)

TH14 = TH12 + G % (TH13-TH12)
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FMS14 = FMS12 + G & (FMS13~FMS12)

DEL = TH14 - TH141

IF (ABS(DEL) .LE. 1.E-05) GO TO 30
TH141 = TH14

FM14 = PLTN(FMSLl4,FMVEC,FMSTAR,NTABLE)
ALP14 = ATAN(SQRT(l./(FMl4#FM14—1.)))
WRITE (64601) X14,Y149TH14oFMS144ALP14,ETA,G,DEL,SSi4%
IF(K.GT.1) GO TO 30

XMUL = XMUl - 1./57.3

GO TO 71

TH11 = TH14

DO 73 1 = 1,25

Hll14 0o5#(1./(FMSL1I#TANTALPL1))+1./(FMS14#TAN(ALPL4)))

Bl1i14 OS5« (SIN(ALPLL)*SIN{(TH11)/(Y11«COS{THL11-ALPL11)) +

1 SIN(ALP14)*SIN(THL4)/(Y14#COS(TH14-ALP14)))

FMWll= PLTN(FMS11,FMw,FMSTAR,NTABLE)
FMW14=PLTN(FMS]14,FMW,FMSTAR,NTABLE)
GL1=PLTN(FMS11,GAMMA,FMSTAR,NTABLE)
Gl4=PLTN(FMS14,GAMMA,FMSTAR,NTABLE)

Will4a= .5 #((SINCALP11)*COS(ALP11}))/(1546.336/(FMWL1LleT778.)%Gl1l)
1+ (SIN(ALP14)=COS(ALP14))/(1546.336/(FMW14=T778.)%Gl4))
THB11(K)=TH14+ B81114%(X11-X14) — H111l4=(FMS11-FMS14)
l1-Wll4*(SS11-SS1l4)

IF (ABS(THB11(K)-TH11l) .LE. 1l.E~06) GU TO 65

TH11 = THB11(K)
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CONTINUE

IF{ KeGTel) GU TG 65

XMUL = XxMul - 1./57.3

GO 106 71

IF (N +EQ. 1) GU TO 45

CONTINUE

CALL PCLY(XMU4,TL11,142,3,FMTRIX)
Al = FMIRIX(3,4)

Bl

FMTRIX{244)
Cl = FMTIRIX(1,4)
CALL POLY(XMU4,THBLL1,1,2,3,FMTRIX)

A2

FMTRIX{3+4)

B2 = FMIRIX(2,4)

C2 = FMIRIX(1,4)

ROCT = {(P1-02)#(Bl-B2) -4.«(C1l-C2)=%(A1-A2)
WRITE (6,601) Al, B1, Cl, AZ, BZ, C2, XMU4
WRITE (64601) T11l, THBLlLl, ROOT

IF (RGOT .LT. e} GO TO 72

ROCT = SQRT(ROQT)
XMUP = (N S+ ({B2-B1)+RS0OT)/(L1-C2))
XMUM = (0.5%( (B2-B1)-R0OQT)/(C1-C2))

XMULYL = AMINL (XMUP , XMUM)

1F (XMUPLT. 0. ANDe XMUM (LT, 0O.) XMULL = AMAXL{XMUP,xMUM)

XMU4 (1) = XMULL

N =1
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FORTRAN [V PROGRAM LISTING OF SUBROUTINE SHUCKI

GO 10 50
45 ISHOCK = [SHOCK + 1

XSHOCK({ ISHOCK)

I

X4

YSHCCK (I SHOCK) Y4

SSHOCK{ ISHOCK)=5511

TSHOCK(ISHOCK) = THI11
FMSHOK [ ISHOCK) = FMS11
XMUSHK [ ISHCCK) = XMu4(1l)

EPS{ISHGCK) = EPS11

XFIELD(3,J1) = X4
YFIELD(3,J1) = Y4
$SS(3,J1)=5511
THETAV(3,J41) = TH11
FMSFLD(3,J1) = FMSIL]

WRITE (6,601) XMUP, XMuM, Al, Bl, Cl, A2, B2, C2
WRITE (64601) EPS11,FMU4,X2,Y2,X3,Y¥3,X13,Y¥13,T1L1(1),THBL11(1)
1945524553
601 FORMAT (7X,10F12.7)
RETURN
60 ITESTYT = 3
RETURN

END
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE SHUCK

SUBROUTINE FOR CUMPUTING PROPERTIES ACROSS A SHOCK WAVE.

SUBROUTINE SHOCK(P,T,FMW,GAMMA,PC, NTABLE, FMS4, THETA4,

1 XMU4,EPS,sEPS2,FMS11,THEL11,CSTARySS4,45511)

COMMON FMVEC,FMSTAR

COMMON/CAL/ KENTRC

DIMENSION P(80)y T(80), FMW{80), GAMMA(80), FMVEC(BU). FMSTAR(80)
CALL PROPTY(FMS4, T,FMW,GAMMA, NTABLE P4y T4, V4 RHUG,
1 FM4,5S4,PC4PON)

G4 = PLIN(FMS4,GAMMA,FMSTAR,NTABLE)

FMW4 = PLTN(FMS4,FMW,FMSTARyNTABLE)

ANGLE = THETA4 - XMU4

EPS1 = EPS

2 Pl1 P4 + RHUG#V4a#V4# (1. ~EPSL)=#SIN(ANGLE)#»%2/(32.174%144.)

Gl1l

PLTN(PLL,GAMMA,P,NTABLL)
EPS2 = ((Gl1+1.)/(GLl1l-1.)+PL1/P4)/((GLl1+1.)#P11/((Gll-1.)%P4)+1.)
DEL = EPS2 - EPSI1
IF (ABS(DEL) .LT. 1.£-05) GO TG 12
EPS1 = EPS2
GG 10 2
12 VN11 = V4 = EPS2 & SIN(ANGLLE)

vTll

V4 @ COS(ANGLE)
V11 = SQRT{VN1l#VNl1l + VT1l1l=VvTll)

FMS11 = V11 / CSTAR
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE SHUCK

DEL1L = ATAN(EPS2#SIN(ANGLE)/COS({ANGLE))
THELl = XMU4 + DEL11

EDD1=FM4 =#FM4 «SIN (ANGLE)=SIN (ANGLE)
PAR1=1546.336/(FMW4+TT78.)

RIPl= (2./((G4+1.)#EDD1))+(G4~1.)/(G4+1l.)
RIP2 ={2.%#64)/(6G4+1.)#EDD1-(G4-1.)/(G4+1.)
IF(KENTRO.EQ.0)

1SS1l= SS4+PAR1#{G4/1G4—1.)#ALOG(RIPL)+1./(G4—-1.)=ALUG(RIP2))
IF(KENTRO.NE.0)}SS11=5S54
IF(SS11.LT.554)S5511=5S4

RETURN

END
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SUBRUUTINE FOUR CUNTRULING MizSH SIZES BY GENERATING NEW RIGHT

RUNNING CHARACTERISTICS FRUM THE NOZZLE WALL.

SUBRUOUTINE EXTRA4(XX,YY XMy XT, NCT, XWALL,y YWALL,NTABLE,
1 RTyRNXLyXNLsRNX2 3 XN2pRPXLyXP1yRPX2yXP2yRPX3 9y XP3yNyNROW, XFIELD,

2 YFIELDFMSFLD,THETAVDMAX s DEL s INJ IEXToCMyNPTCM, XCM,YCM, 55X)
COMMON FMVEC,FMSTAR,S5SS

COMMON/WAYN/ FMW,GAMMA

DIMENSICN FMW(80),GAMMA{80)

DIMENSIUN XFIELD(3,60)}, YFIELD(3,60), FMSFLD(3,60), THETAV(3,60),
1 XX(2)y YY{2), XM(2)y XT{(2), FMVEC(80), FMSTAR(80), XWALL{(250),

2 YWALL(250)}, IN(3,60}, DEL(3,60), EXTRAX(2),

3 EXTRAY{2), EXTRAM{2), EXTRATI(2), NROW(3)
495SS(3,60),SSX(2)4EXTRAS(2)

DIMENSICN CM( 6)y NPTCM( 6}, XCM({ 6,120), YCM( 6,12u)

Il = 4

15 D0 5 1 =1, 2

FI FLCATL(I)

EXTRAS{I)=SSX{ L)+ (FI#(SSX{2)-SSXx(1)))/4.

EXTRAX[I) = Xx(1) + FI = {(XX(2)-XX(1))/4.
EXTRAY(I) = YY(l) + F] = (YY{2)=-YY(1))/4.
EXTRAM(I) =  XM{1) + FI = {XM(2)-XM(1)) /4.
EXTRAT(I) = XT(1}) + F[ = {(XT(2)-XT(1)) /4.

FMSN = PLTN(EXTRAM(I),FMSTAR,FMVEC,NTABLE)
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FORTRAN 1V PROGRAM LISTING OF SUBROUTINE EXTRA4

WRITE (3) EXTRAX(I)4EXTRAY(I)EXTRAMII) FMSN,EXTRAT(1),11

1,EXTRAS(I)

NRCW(1l) = NROW(1l) + 1

NN NROW(1) + 1

NN NN - 1

XFIELD(14NN) XFIELD(14NN-1)

YFIELD(1yNN-1)

YFIELD(L1yNN)
SSS{1sNN)=SSS({1yNN-1)

THETAV(1yNN-1)

THETAV(1,NN)

FMSFLD(1,NN) FMSFLD(1yNN-1)

IF (NN .GT. 3) GO TO 35

CALL CASE4(EXTRAX(1),EXTRAY(1),EXTRAM(]1),EXTRAT(1),NCT,

1 XWALL y YWALL ¢y RT¢NTABLEyRNX1yXN1yRNX29XN2yRPXLyXPLsRPX2,XP2,

2 RPX33XP34NyXNyYNyFMSN,THETAN,DELTA, ICOUNT,SSN,EXTRAS(1))

XX(1) = XN

Yy(1l) = YN

SSX{1)=3SSN

XM(1l) = PLTN(FMSN,FMVEC,FMSTAR,NTABLE)
XT(1l) = THETAN

WRITE (2,552) EXTRAX{1), EXTRAY(1l)y XN, YN,SSN,EXTRAS(1)

FORMAT (6F10.7)

WRITE (3) XN, YN, XM{1), FMSN, XT(l), II,SSN

CALL CASEL(IXX(L),YY(L)gXMIL)4XT(L)oEXTRAX(2)EXTRAY{2),EXTRAM(Z]),
1 EXTRAT(2), NTABLE ¢ XNy YN, FMSN, THETAN,DELTA, ICOUNT,

LSSN,EXTRAS(2),55x(1))
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XX{2) = XN

YY{2) = YN

SSX{21)=35SN

XM(2) = PLIN(FMSN,FMVEC,FMSTAR,NTABLE)
XT(2) = THETAN

WRITE (2,552) EXTRAX{2), EXTRAY(2), XN, YN,SSN,EXTRAS(2)

WRITE (24552) XX{1)s YY(1l)y XNy YN ,SSN,SSX(1)

CALL CMLINE(XX{L1) gYY(L1)9gXM{L1) s XNy YNyXM({2),CMyNPTCM,yXCM,YCM)
CALL CMLINE(EXTRAX(2))EXTRAY(2) yEXTRAM(2) XNy YN,XM(2)yCMyNPTCM,
1 XCM,YCM)

TIEXT = IEXT + 3

NRCW(2) = NROW(2) + 1

NROW(3) = NROW(3) + 1

I = NROW(3)
FMSFLD(3,1) = 0.
I = NROW(2) + 1
I =1-1

XFIELD(2,1) XFLIELD(2y1-1)
$SS(2,1)=885(2,1-1)

YEIELDIZ, 1)

YRIELD(2,1-1)

FMSFLD(2,1)

FMSFLD(2,1-1)

THETAV(Z2,1)

THETAVI{2,1-1)
IN(2,1) = IN(2y1-1)
DEL(2,1) = DEL(2,I-1)

IF (1 6T. 2) GO TO 25
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE EXTRA4

XFIELD(2,1) = XN
YFIELD(2,1) = YN
$S5(241)=SSN
FMSFLD(2,1) = FMSN
THETAV(2,1) = THETAN

IN(2,1) = ICOUNT + 60

DEL(2,1) = DELTA

CALL CASE4(XXI2)sYY(2)¢XM{2),XT[2),NCT, XWALL , YWALL,
1 RTyNTABLEsRNX1 p XN1 jRNXZ2¢XN2yRPX1LsXPLyRPX2yXP2yRPX3yXP3yNeXNsYN,
2 FMSN,THETAN,DELTA, ICOUNT,S5N,S5SX(2))

SL = (XX{(2)-XN)#e2 + {(YY[2)-YN)=%=2

IF (SL .GT. DMAX) GO TO 15

WRITE (2,552) XX(2), YY{2), XN, YN ,SSN,SSX(2)

FMN = PLTN(FMSN,FMVEC,FMSTAR,NTABLE)

CALL CMLINE(XX(2)9YY(2)4XM{2) g XNgYNyFMNyCMyNPTCM,XCM,YCM)

XFIELD(3,1) = XN
YFIELD(3,1) = YN
SSS(3,1)=SSN
FMSFLD(3,1) = FMSN
THETAV(3,1) = THtTAN

IN(3,1) = ICOUNT
DEL(3,1) = DELTA
RETURN

END
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C

C SUBROUTINE FOR CUNTROLING MEdH S1ZES BY GENERATING iNEW LEFT
C RUNNING CHARACTERISTICS FROM THE AXIS OF SYMMETRY.

C

SUBRUOUTINE EXTRA3(XX,YY s XMyXT, NTABLE,NROW,XFIELD,

1 YFIELD,FMSFLO, THETAV,DMAX DLy INyTEXT,CM,NPTCM, XCM,YCM,55X)
COMMON FMVEC,FMSTAR,SSS

COMMUON/WAYN/ FMW,GAMMA

COMMON /XJR/ NSUNE

DIMENSICN FMW(BO0),GAMMA(B0)

DIMENSION XFIELD(3,60), YFIELD(3,60), FMSFLD(3,60), THETAV(3,60},

1 IN(3,60), DEL(3,60), FMVEC(B0), FMSTAR(80O),

2 XX{2)y YY(2)y XM{2)y XT(2), EXTRAX(2), EXTRAY(Z2), £XTRAM(2),
3 EXTRAT(2)s NROWI(3)
44SSS5(3,60),EXTRAS(2),SSX(2)
DIMENSION CM{ ©6)s NPTCM( 6)y XCM( 6,120)y YCM( 6,120)
I1 =3
15 D0 51 = 1,y 2

| FI = FLOAT(I)

EXTRAS(I)=SSX(L)I+(FI#(SEX(2)-SSX(1))1/4.

EXTRAX({I) = XX(1) + #l = (xx{2)=-XX{1))/4.
EXTRAY(L) = YY(1l) + FI = {Yyy(2)-yY(1})/4.
EXTRAM(I) = xM(1l) + F1 » (XM{2)-XM(1)) /4.
EXTRAT(I) = XT(1) + FI =+ (XT(2)-XT(1)) /4.

FMSN = PLTN(EXTRAM(I),FMSTAR,FMVEC,NTABLE)
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WRITE (3) EXTRAX(I)sEXTRAY(I),EXTRAM(I) ,FMSN,EXTRAT(I),1I
1+.EXTRAS(I)
CALL CASE3{EXTRAX{1)EXTRAY(1),EXTRAM(1),EXTRAT(1),

1 XNy¥YN,FMSN, THETAN,NTABLE,DELTA,ICOUNT,SSN,EXTRAS(1))

XXx(1) = XN

YY(1) = YN

SSX({1)=SSN

XM(1) = PLTN(FMSN,FMVEC,FMSTAR,NTABLE)
XT{l) = THETAN

WRITE (25552) EXTRAX(1l), EXTRAY(1l), XNy YN ,SSN,EXTRAS(1)

FORMAT (6F10.7)

WRITE (3) XN, YN, XM{(1), FMSN, XT(1)s II,SSN

CALL CASE2(EXTRAX(2)EXTRAY(2),EXTRAM(2),EXTRAT(2),XX(1),YY(1),
1 XM{1)+XT(1), NTABLEJXNy YNy, FMSN, THETAN,UELTA, ICOUNT,

2SSNySSX (1) ,EXTRAS(2))

XX{2) = XN

YY(2) = YN

SSX(2)=SSN

XM(2) = PLTN(FMSN,FMVEC,FMSTAR,NTABLE)
XT{2) = THETAN

WRITE (2,552) EXTRAX(2), EXTRAY(Z2)y XNy YN,SSN,EXTRAS(2)

WRITE (2,552) XX(1)y YY{1l)s XN» YN,SSX{1),SSN

CALL CMLINE(EXTRAX(2) 9EXTRAY(2) oEXTRAM(2) s XNy YNsXM(<)CM,NPTCH,
1 XCM,YCM)

CALL CMLINE(XX{1) 2YY(1) rXM(l)’XNtYN'XM(Z)QCM'NPTCM'XCM.YCM)
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FORTRAN IV PROGRAM LISTING OF SUBROUTINE EXTRA3

TEXT = IexT + 3

NRCW(2)

NROW(2) + 1

NRCOW{3) NROW(3) + 1

]

NN = NROW(2)

XFIELD{Z2,NN) = XN
YFIELD(2,NN) = YN
SSS({2,NN) =SSN
FMSFLD(24NN) = FMSN
THETAV(2yNN) = THETAN

IN{2,NN) ICOUNT + 60
DEL(Z24NN)} = DELTA

FMR

PLTN(FMSFLD(24NN=-1)FMVEC,FMSTAR,NTABLE)

FML

PLTN{FMSN,FMVEC, FMSTAR,NTABLE)

CALL CASEL(XFIELD(2,NN=1)4YFIELD(2,NN=1)4FMR, THETAV(2,NN=-1),

1 XFIELD(2,NN),YFIELD(2,NN),FML, THETAV(2,NN), NTABLE,
2 XNyYNyFMSN, THETAN,DELTA, ICOUNT ,SSN,SSS(2,NN)»SSS{2,NN=1))
WRITE (2,552) XFIELD(2,NN), YFIELD(2,NN)y XN, YNySSN,SSS{2,NN)
WRITE (2,552) XFIELD(2,NN=1), YFIELD(2,NN=1), XNy YN
1+SSNySSS(2yNN-1)

FMN = PLIN(FMSNyFMVEC, FMSTAR,NTABLE)

CALL CMLINE(XFIELD(2yNN=1),YETELD(24NN=1)yFMRyXN,YN,FMN,

1 CMyNPTCM,XCM,YCM)

CALL CMLINE(XFIELD(2,NN),YFIELD{2yNN)¢FMLyXNyYN, FMN,CM,NPTCM,
L XCM,y YCM)

NN = NRCWI(3)
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XFIELD{3,NN-1) = XN
YFIELD{3,NN-1) = YN
SSS{3,NN-1)=S5S5N
FMSFLD{3,NN-1) = FMSN
THETAV{(3,NN-1) = THETAN

IN(3yNN-1) = ICOUNT

DEL{3,NN-1) = DELTA

CALL CASE3(XX(2),YY(2)4XM{2),XT(2), XNy YN, FMSN,
1 THETAN,NTABLE,DELTA,ICOUNT,SSN,S5X(2))

SR = (XX(2)-XN)##2 + (YY(2)—YN)=x2

IF (SR .GT. DMAX) GO 7O 15

WRITE (2,552) XxX(2), YY{2), XN, ¥YN,SSN,SS5X(2)

FMN = PLTN{(FMSN,FMVEC,FMSTAR,NTABLE)

CALL CMLINE(XX(2)sYY({2)9XM(2) 9XNyYNyFMN,CM,NPTCM,XCM,YCM)

XFIELD(3,NN) = XN
YFIELD(3,NN) = YN
SSS({3,NN) =SSN
FMSFLD(3,NN) = FMSN
THETAV(3,NN) =

THETAN
IN(3,NN) = ICOUNT |
DEL(3,NN) = DELTA
RETURN

END
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FOURTRAN [V PROGRAM LISTING OF SUBROUTINE CMLINE

SUBROUTINE FUR LUCATING POINT ON CERTAIN CONSTANT MACH NUMBER LINE

SUBRCUTINE CMLINE (X, YyFMyXNy YNy FMN,CMy,NPTCM, XCM,YCM)
DIMENSICN CM({ 6)y NPTCM( 6),y XCM{ 6,120), YCM( 6,120)
DG 10 1 = 1, 6

IF {(CM{I) LT. FM .CR. CM(I) .GT. FMN) GO TO 10
NPTCM{1) = NPTCMII) + 1

J = NPTCM(I)

TEMP = (CM(I)-FM) / (FMN-FM)
XCM{Ig4Jd) = X + (XN=X) & TEMP
YCM({IyJ) = Y + (YN=Y) & TLMP
CONTINUE

RETURN

END
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